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Herring Research and Monitoring
Science Synthesis

Exxon Valdez Oil Spill Trustee Council Program 20120111
Synthesis Report

Study History: The existing Herring Research and Monitoring program builds upon results from
two earlier integrated herring research programs (EVOSTC programs 16120111 and 10100132).
The current program consists of projects 19120111-A Program coordination, 19170111-B
Annual herring migration cycle, 19120111-C Modeling & stock assessment, 19120111-D Age at
reproductive maturity, 19120111-E Disease program, 19120111-F Surveys and collections,
19120111-G Adult herring acoustic surveys, and 19170115 Herring genetics.

Abstract: Each of the previous research programs produced synthesis reports. This report is
meant to complement the previous efforts by focusing on different aspects of the herring
research. This report describes the survey designs used within the Herring Research and
Monitoring program and examines research on maturity, spawn timing, movement, and disease.

The survey design chapter describes the methods used for aerial milt surveys and methods we
have tested to supplement those surveys, acoustic surveys, age-sex-size sampling, and aerial
forage fish surveys. We use the age-sex-size samples and age-structure-analysis model to
examine what the maturity of the fish in the pre-spawn aggregations and if fish are missing from
the pre-spawn aggregations. We also examine if differential growth can be detected using herring
scales. We examine how the spawn timing and location has changed over the past four decades
and what factors may have influenced the changes. Changes in spawning location appear to be
related to large recruit classes. We examine movement of herring after spawn and find that larger
fish are more likely to move to the Gulf of Alaska. Finally, we describe the principles governing
the epizootiology of Viral Hemorrhagic Septicemia virus and provide an overview of
Ichthyophonous surveillance results.
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Dressel, Steve Martell, and Stanley ‘Jeep’ Rice, for their review and guidance of the Herring
Research and Monitoring Program. These findings and conclusions presented by the author(s)
are their own and do not necessarily reflect the views or position of the Exxon Valdez Oil Spill
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EXECUTIVE SUMMARY

This synthesis of research topics related to Pacific herring (Clupea pallasii) is meant to build
upon earlier syntheses (Norcross et al. 2001, Pegau 2013, Herring Research and Monitoring
Team 2014). The report includes sections that describe the survey designs used and research on
maturity, spawn timing, movement, and disease. This selection allows the description of
information from all the components of the Herring Research and Monitoring (HRM) program.
There are significant differences in the development of each of the topics that leads to
differences in the style of presentation. For instance, the research on spawn patterns is nearly
ready to be submitted as a manuscript, whereas the work on herring movement is still in the early
stages. The work presented in each section is not necessarily limited to results of Exxon Valdez
Oil Spill Trustee Council (EVOSTC) funded research. We incorporate other findings where
appropriate.

The chapter on survey designs describes efforts used in the recent past or are ongoing. We do not
cover how surveys that have been discontinued were conducted. Data from the surveys are used
in the Age-Structure-Analysis (ASA) model to estimate the Prince William Sound (PWS) herring
population. These surveys include the aerial spawn surveys, acoustic surveys, and age-sex-size
(ASL) sampling. We discuss supplemental spawn detection efforts the HRM program has tried
and describe the aerial forage fish surveys that are conducted in collaboration with the Gulf
Watch Alaska (GWA) forage fish program.

The aerial milt surveys provide the mile-days of milt index, which is the longest running and
most consistent time series of herring abundance in PWS. As such, it is critical to maintain this
index to provide necessary inputs to the assessment models. The acoustic surveys provide an
independent index that measures a similar portion of the herring population. The combination of
the aerial milt surveys and acoustics provides an indication if one survey has unusual values. The
ASL sampling efforts inform nearly every other project in the HRM program by providing age
composition and weight at age for the ASA models, estimating target strength for the acoustic
survey estimates of biomass, providing vessel support for spring acoustic surveys and disease
sampling, and assisting with the collection efforts for tagging and maturity studies.

Because aerial milt surveys do not include areas outside of PWS and are limited by weather, we
tested the deployment of people and cameras to remote spawning locations. Neither of those
approaches proved to be practical for monitoring for spawn. The use of visible remote sensing
works when the skies are clear. Newer satellites with very high resolution are the most
appropriate for detecting spawning events.

The forage fish surveys have been conducted since 2010 and provide information on a few
different forage fish including herring. We are in the process of determining if the number of
schools of age-1 herring can be used to predict the size of recruitment to the spawning stock at
age-3. The aerial forage fish surveys work with the GWA forage fish project to provide an
indication of the forage fish distribution in waters too shallow for that program to survey. In turn,
the GWA forage fish project provides validation observations of the species identification from
the aerial surveys.
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In the second chapter we examine the maturity of herring. The term maturity is currently used in
two manners. The first is that the herring are mature enough to spawn. The second is used in the
model in that the fish are available to the ASL sampling. The percent of mature (available)
herring at each age is estimated by the ASA model; however, there are no independent checks of
the results. A maturity function in the ASA model uses the maturity estimates to then determine
the total herring population in PWS. From the ASL data we determined that not all herring in the
pre-spawning aggregations are likely to spawn. By using some crude assumptions, we estimated
the percentage of the herring population not observed in the ASL samples and roughly estimated
the mortality over time. These estimates are in good agreement with the maturity estimates from
the ASA model.

Scale growth is examined to determine whether bimodal growth distributions occur that are
hypothesized to be a result of fish not spawning able to put greater energy into growth than those
that are preparing to spawn. The scale growth of four cohorts (1984, 1988, 1999, 2005) were
examined to see if there is evidence of bimodal growth in male and female herring. The cohorts
were chosen to include two from each time block that the ASA model currently uses. Preliminary
results demonstrate that both male and female herring show indications of bimodal growth in the
scale records that is most evident at the older ages (age-5 and age-6). Fewer scales were imaged
at these older age classes and more scales will need to be imaged before making conclusions.

A suite of eleven model runs were used to examine the question of sensitivity of the model to
different assumptions about maturity and availability. The eleven model runs were meant to
bound the likely range of scenarios. The model runs were also used to examine if the maturity
function should be calculated in two separate time blocks. We found that the estimated biomass
is not sensitive to the range of maturity scenarios. There is no value to the model in trying to
separate mature and immature fish in the ASL samples. While estimating the maturity function
for two time-blocks using the ASA model provides different parameters for each time block, we
did not find evidence in the residuals of a change in the maturity schedule over time. Therefore,
we recommend estimating a single set of maturity parameters for the entire dataset.

The third chapter examines how spawning events have changed in space and time. It is
hypothesized that the location and time of spawning plays a critical role in the survival of pelagic
fish during early life stages that subsequently affects recruitment to the population. This chapter
examines whether spawning patterns change from 1973 to 2019. Our findings show substantial
changes in spatial and temporal patterns of herring spawning in PWS over the past four decades.
Abrupt shifts in spawn distribution preceded changes in biomass and were potentially influenced
by spatial variations in recruitment dynamics and local mortality. In addition, major shifts in
spawn timing have coincided with large-scale changes in ocean temperatures, indicating the
population is also responding to external perturbations in their environment.

The movement of herring in and out of PWS is examined in the fourth chapter. Herring are
tagged with acoustic tags during the spawning period. These tags can then be detected by
acoustic receivers in the entrances, near the spawning grounds, and at locations within PWS that
we expect fish may pass. The tagging effort builds upon a 2013 pilot project that established that
after spawning, a majority of adult acoustic-tagged Pacific herring moved from the spawning
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grounds in PWS, where spawning ground acoustic arrays were located, to the entrances to the
Gulf of Alaska (GOA), where the Ocean Tracking Network acoustic arrays were located.

In this effort, we analyzed herring movements over a two-year period (April 2017 through March
2019) based on herring tagged in PWS during 2017 and 2018. We modeled movement
probabilities between PWS and the GOA. At both Hinchinbrook Entrance and Montague Strait,
herring were more likely to migrate from PWS to GOA during the spring/summer season, while
during the fall/winter season herring were more likely to migrate from GOA to PWS. At the
Southwest Passages, similar patterns were not observed, suggesting that the migration pathways
run primarily through Hinchinbrook Entrance and Montague Strait. We found that some fish
mingle around the entrance arrays, in particular those in the Southwest Passages. We found that
during spring/summer season, heavier herring were more likely to move to the entrance arrays.
Smaller herring were more likely to overwinter near the spawning grounds.

The final chapter examines two common pathogens affecting herring populations, Viral
Hemorrhagic Septicemia (VHS) virus and Ichthyophonus. It is now known that VHS virus
(Genogroup IVa) is highly virulent to many species of marine fishes and it periodically causes
epizootics and resulting fish kills throughout the Pacific Northwest. Efforts within the Herring
Disease project have identified a series of guiding principles that govern the epizootiology of
VHS virus: 1) Pacific herring are highly susceptible to VHS, 2) Pacific herring are super-
shedders of VHS virus, 3) Pacific herring are a natural reservoir for VHS virus, 4) Co-factors
influence the potential for VHS epizootics, and 5) Acquired resistance is a critical determinant of
VHS potential.

Information from these newly articulated principles can be integrated into tools capable of
assessing prior population-level impacts and forecasting future disease risk. In this context,
Principle #5 is the most informative, as the immune status of individuals and populations
supersedes all the principles. For example, a population of immune individuals will not
experience an epizootic, even if all other disease co-factors occur simultaneously (i.e., exposure
to virus, cool temperatures, elevated infection pressures, etc.). Further, with annual
immunological monitoring of herring population across year classes, we can deduce if, and
when, epizootics occurred. This deduced exposure history can then be paired with population
assessments to assess whether the epizootic was associated with a concomitant reduction in
biomass or abundance.

Ichthyophonus 1s perhaps the most ecologically and economically significant pathogen of wild
marine fishes throughout the world, based on its low host specificity, broad geographic range,
and recurring association with epizootics that result in massive fish kills and population-level
impacts. Natural route(s) of Ichthyophonus transmission in Pacific herring remain unresolved
and laboratory studies have been largely unsuccessful at demonstrating transmission by host
cohabitation, immersion in parasite isolates, or feeding with infected tissues or isolates. Over
broad spatial and temporal scales, the prevalence of Ichthyophonus infections typically increases
with herring size and age. This zoographic pattern is consistent with that of a chronic infection
that accumulates in a population via recurring exposures throughout the lifetime of the host.
Although Ichthyophonus typically persists in Pacific herring at chronic levels that accumulate in
populations over time, several lines of evidence indicate that the parasite may periodically
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contribute to negative impacts on Pacific herring population dynamics. Investigations are
currently underway to understand when the typical chronic Ichthyophonus infections shift to a
more acute form that leads to mortality.

FUTURE DIRECTIONS

While it is important to synthesize our existing knowledge, we feel it is important to identify
important gaps in our knowledge as well. Three topic areas were identified as important gaps by
investigators in the existing program. They are 1) how PWS compares to other areas in the GOA,
2) larval survival, and 3) interactions between herring and salmon.

The HRM program has focused on PWS, but there appear to be larger scale connections between
herring populations. A connection to large-scale environmental conditions is evidenced by the
geographic extent of recruitment patterns. Synchronicity in recruitment over large geographic
regions has been reported (Zebdi and Collie 1995, Williams and Quinn 2000). For instance,
PWS, Sitka, and Kodiak often have exceptionally good or poor recruitment in the same year.
Potential large-scale interactions are also evidenced by recruitment by multiple species that use
different spawning areas although larval or juvenile stages of the fish may occupy common
territories (Ebbesmeyer et al. 1991, Hare and Mantua 2000, Beamish et al. 2012, Schweigert et
al. 2013, Sewall et al. 2018). Therefore, our understanding of what is limiting recovery in PWS
must be consistent with observed larger scale processes.

The most common assumption for success of the recruit class is that it is caused by food
availability. Hay et al. (2001) examined the very large recruit class of 1977. This recruitment
event occurred at the beginning of a regime shift in the North Pacific (Ebbesmeyer et al. 1991,
Hare and Mantua 2000). Many other species also had exceptional recruitment this year
(Hollowed et al. 1987, Hare and Mantua 2000). Hay et al. (2001) speculated that the cause of the
exceptional recruit class was an unusually abundant food supply for young of the year herring.
Beamish et al. (2012) found that an exceptionally poor recruitment event of Pacific herring and
Pacific salmon occurred in the 2007 year class of these fish in the Strait of Georgia. They also
speculated that the poor year class was due to poor food conditions in the early life stages of
these fish.

The food availability is expected to control the year class strength by determining survival in the
first few months of life. The year class strength may be determined by the fall of the year the fish
have hatched (Schweigert et al. 2009). Large recruitment can come from small spawning stocks
so it is likely that issues such as larval drift and match with food sources play a large role in the
success of any given cohort (Norcross and Brown 2001). Past work has examined juvenile
herring and adult herring with little effort spent researching the factors affecting larval herring.
However, larval survival may explain why there are orders of magnitude differences in recruit
classes from similar sized spawning biomasses (Norcross and Brown 2001). It is the period with
the greatest number of fish and therefore changes in survival can lead to large differences in year
class strength. The match-mismatch of timing with food sources has long been hypothesized as
important to the success of a recruit class (Cushing 1990). Another hypothesis is that larval
retention is important to setting a recruit class (Hjort 1914). Growth conditions may also be
important. Recent extremely good and poor recruitment classes have occurred while monitoring
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of zooplankton and other oceanic conditions were taking place. The existing information allows
us to examine how historic conditions may have affected larval survival. We also have the tools
to track larval drift and survival through time to directly tie survival to existing conditions.

Salmon hatcheries have been suggested as a cause for suppressing the herring population (Deriso
et al. 2008, Pearson et al. 2012). There are several potential means for interaction between
salmon and herring. It may be that there is a competition for resources as juvenile salmon are
released (Ward et al. 2017) or returning salmon adults feeding on herring (Sturdevant et al.
2013). Existing knowledge of food competition between herring and salmon is synthesized in
Pegau (2013). It will be important to separate the impact of hatchery salmon from wild stocks to
ensure the impacts are caused by hatchery salmon as suggested by Deriso et al. (2008) and
Pearson et al. (2012). Interactions with salmon was studied during the Sound Ecosystem
Assessment program so care needs to be taken to complement the existing research.

LITERATURE CITED

Beamish, R., C. Neville, R. Sweeting, and K. Lange. 2012. The synchronous failure of juvenile
Pacific salmon and herring production in the Strait of Georgia in 2007 and the poor return
of sockeye salmon to the Fraser River in 2009. Marine and Coastal Fisheries 4:403-414.

Cushing, D. 1990. Plankton production and year-class strength in fish populations: an update of
the match/mismatch hypothesis. Pages 249-293 in Advances in marine biology. Elsevier.

Deriso, R. B., M. N. Maunder, and W. H. Pearson. 2008. Incorporating covariates into fisheries
stock assessment models with application to Pacific herring. Ecological Applications
18:1270-1286.

Ebbesmeyer, C. C., D. R. Cayan, D. R. McLain, F. H. Nichols, D. H. Peterson, and K. T.
Redmond. 1991. 1976 step in the Pacific climate: forty environmental changes between
1968-1975 and 1977-1984.

Hare, S. R., and N. J. Mantua. 2000. Empirical evidence for North Pacific regime shifts in 1977
and 1989. Progress in Oceanography 47:103-145.

Hay, D., M. Thompson, and P. McCarter. 2001. Anatomy of a Strong Year Class: Analysis of the
1977 Year Class. Pages 171-198 in B. J. Funk F., Hay D., Paul A.J., Stephenson R.,
Toresen R., Witherell D., editor. Herring: Expectations for a new millennium. University
of Alaska Sea Grant, Fairbanks.

Herring Research and Monitoring Team. 2014. Pacific herring in Prince William Sound: A
synthesis of recent findings. Synthesis report (EVOSTC Restoration project 14120111).
Prince William Sound Science Center, Cordova, Alaska.

Hjort, J. 1914. Fluctuations in the Great Fisheries of Northern Europe viewed in the light of
biological research. Rapports et Proces-Verbaux des Reunions. Conseil International pour
I'Exploration de la Mer 20:1-228.

Hollowed, A. B., K. M. Bailey, and W. S. Wooster. 1987. Patterns in recruitment of marine
fishes in the northeast Pacific Ocean. Biological Oceanography 5:99-131.

Norcross, B. L., and E. D. Brown. 2001. Estimation of First-Year Survival of Pacific Herring
from a Review of Recent Stage-Specific Sudies. Pages 535-558 in B. J. Funk F., Hay D.,
Paul A.J., Stephenson R., Toresen R., Witherell D., editor. Herring: Expectations for a
New Millennium. University of Alaska Sea Grant, Fairbanks.

HRM Synthesis Report March 10, 2021



Norcross, B.L., E.D. Brown, R.J. Foy, M. Frandsen, S.M. Gay, T.C. Kline, D.M. Mason, E.V.
Patrick, A.J. Paul and K.D.E. Stokesbury. 2001. A synthesis of the life history and
ecology of juvenile Pacific herring in Prince William Sound, Alaska. Fisheries
Oceanography 10:42-57.

Pearson, W. H., R. B. Deriso, R. A. Elston, S. E. Hook, K. R. Parker, and J. W. Anderson. 2012.
Hypotheses concerning the decline and poor recovery of Pacific herring in Prince
William Sound, Alaska. Reviews in Fish Biology and Fisheries 22:95-135.

Pegau, W.S. 2013. Coordination, Logistics, Outreach, and Synthesis. Exxon Valdez Oil Spill
PWS Herring Survey Final Report, (Restoration Project 10100132), Prince William
Sound Science Center, Cordova, Alaska.

Schweigert, J., M. Thompson, C. Fort, D. Hay, T. Therriault, and L. Brown. 2013. Factors
linking Pacific herring (Clupea pallasi) productivity and the spring plankton bloom in the
Strait of Georgia, British Columbia, Canada. Progress in Oceanography 115:103-110.

Schweigert, J. F., D. E. Hay, T. W. Therriault, M. Thompson, and C. W. Haegele. 2009.
Recruitment forecasting using indices of young-of-the-year Pacific herring (Clupea
pallasi) abundance in the Strait of Georgia (BC). ICES Journal of Marine Science
66:1681-1687.

Sewall, F., B. Norcross, F. Mueter, and R. Heintz. 2018. Empirically based models of
oceanographic and biological influences on Pacific Herring recruitment in Prince William
Sound. Deep Sea Research Part II: Topical Studies in Oceanography 147:127-137.

Sturdevant, M. V., R. Brenner, E. A. Fergusson, J. A. Orsi, and W. R. Heard. 2013. Does
Predation by Returning Adult Pink Salmon Regulate Pink Salmon or Herring
Abundance?

Ward, E. J., M. Adkison, J. Couture, S. C. Dressel, M. A. Litzow, S. Moffitt, T. Hoem Neher, J.
Trochta, and R. Brenner. 2017. Evaluating signals of oil spill impacts, climate, and
species interactions in Pacific herring and Pacific salmon populations in Prince William
Sound and Copper River, Alaska. PLoS One 12:¢0172898.

Williams, E. H., and T. J. Quinn. 2000. Pacific herring, Clupea pallasi, recruitment in the Bering
Sea and north-east Pacific Ocean, I: relationships among different populations. Fisheries
Oceanography 9:285-299.

Zebdi, A., and J. S. Collie. 1995. Effect of climate on herring (Clupea pallasi) population
dynamics in the Northeast Pacific. Climate Change and Northern Fish Populations:277.

HRM Synthesis Report March 10, 2021



CHAPTER 1 PWS HERRING SURVEY DESIGNS

Stormy Haught!, W. Scott Pegau?, Pete Rand”

! Alaska Department of Fish and Game, Cordova, AK
2 Prince William Sound Science Center, Cordova, AK

INTRODUCTION

Pacific herring (Clupea pallasii) begin sexual maturation at the end of summer and progress
through winter, reaching full sexual maturity in the early spring months. As they reach maturity,
herring migrate from overwintering areas and form aggregations in or near spawning habitat in
shallow coastal waters, typically large bays and inlets (Hay 1985). Herring spawn primarily in
the subtidal zone from about 0-4m in depth, although deeper spawning events do occur, and
select for habitats with aquatic vegetation present for egg deposition (Gerke 2002). Herring
spawning activity is typically conspicuous; milt concentration turns water cloudy white and the
herring school attracts high concentrations of herring predators such as gulls, sea lions, and other
marine mammals (Hay and Kronlund 1987). These factors make herring spawning season an
ideal time to collect data regarding overall herring biomass, spawning habitat utilization, and
herring predator populations in Prince William Sound (PWS). Aerial spawn surveys occur
throughout the spawning period, and Age-Sex-Size (ASL) surveys target both pre-spawning and
spawning herring. Herring aerial survey and ASL methods for PWS are documented in Shepherd
and Haught (2019). Acoustic surveys target the pre-spawn population as well.

These surveys provide essential data inputs to the current Bayesian Age-Structure-Analysis
(BASA) model used to estimate the historical biomass. The BASA model results are used by the
Alaska Department of Fish and Game (ADF&GQ) to project pre-fishery run biomass a year ahead
for management. The formulation of the BASA model is provided in Muradian et al. (2017).

AERIAL SPAWN SURVEYS

Aerial surveys in PWS to document spring herring biomass have been conducted since the early
1970s and were the primary management tool prior to the development of the first statistical
catch-at-age model or age-structured-assessment (ASA) model in 1988 (Brady 1987, Funk and
Sandone 1990). The surface area of herring schools observed during aerial surveys were
converted to biomass by using equations developed from paired purse seine and aerial survey
observations (Brady 1987, Lebida and Whitmore 1985). Herring arrive on the spawning grounds
over time and pre-spawn herring may stage for several days or more prior to spawning. Because
of this, the same herring may be observed during multiple aerial surveys (Brady 1987).
Therefore, the biomass over several days of surveys cannot necessarily be added to estimate the
total or peak biomass. Peak biomass was therefore calculated as the largest biomass observed in
all areas on a single survey (Brady 1987).

The variable bathymetry of PWS herring spawning areas has a large influence on the ability to
observe herring schools (Brady 1987). Herring may spawn in shallow bays (e.g., Rocky Bay),
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shallow beaches (e.g., Hells Hole beach), or deep bays (e.g., Fairmont Bay). The influence of
bathymetry on observer efficiency makes a biomass index less likely to be comparable across
years. In the 1980s these problems with estimating biomass from aerial surveys caused the
department to investigate the use of an index of spawn from observations of milt (Brady 1987,
Funk and Sandone 1990). The two indices considered for spawn documented from aerial surveys
were 1) discrete miles of milt over the season and 2) the sum of miles of milt for all survey days
(mile-days of milt). The advantages of milt observations compared to school biomass
observations are 1) herring likely spawn once each year, but a herring school may be observed
for many days prior to or after spawning and 2) milt is relatively easy to observe from the air on
beaches and observation efficiency is generally not influenced by ocean bathymetry (Brady
1987).

Discrete miles of milt do not account for multiple spawning events in the same area, so are
unlikely to be a good index of total abundance in areas with multiple spawning event days on the
same beach (Brady 1987). Mile-days of milt likely provide a better index to abundance as they
account for multiple spawning events on the same beach but may be biased if the number of
surveys vary significantly across years (Funk 1994). Additionally, although bathymetry will
likely not influence observation of spawn, it will influence the biomass of spawning fish for each
linear mile of milt observed. Willette et al. (1998) collected paired spawn deposition survey
estimates and aerial survey estimates of miles of milt, and the short tons per mile of milt were
much larger on Montague Island as compared to tons per mile of milt in northern or northeastern
PWS.

In 2008, ADF&G began using a tablet computer and a geographic information system (GIS)
application to collect aerial survey data (Bochenek 2010). Because digital maps are scalable and
allow much more data to be added to a small area (contrast with the 25 paper maps used prior to
2008), and because of interest in herring predators distribution and abundance, additional effort
was employed in documenting numbers and locations of predators such as Steller sea lions
(Eumetopias jubatus), humpback whales (Megaptera novaeangliae), killer whales (Orcinus
orca), Dall’s porpoises (Phocoenoides dalli), and bird aggregations (mostly gulls) associated
with herring schools or spawn. In 2001, ADF&G began extensive photo documentation of aerial
survey observations, and more recently (2014) have collected video of most surveys. Photo and
video documentation are now used to validate GIS collected milt extents post-season.

Aerial surveys generally begin in mid to late March or earlier if there are reports of herring
aggregations, spawn, or large predator aggregations. The first survey usually covers the eastern
side of PWS because the spawn timing is generally earlier on the east side (Port Gravina and Port
Fidalgo), however the first survey may be expanded based on boat or pilot reports from other
areas. Surveys continue once or twice a week until herring schools or spawn are detected by a
survey flight or reported by other pilots or boats. Once spawning begins surveys are conducted
daily in the area where spawn is detected if weather conditions are appropriate. Surveys are
expanded to other portions of the PWS area (North shore, Naked Island, Montague Island, and
Kayak Island) in April or based on pilot or boat reports. Survey interval, duration, and area are
adjusted in-season to allow available funding to last until approximately mid-May.
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ADF&G provides cooperating researchers (National Oceanic and Atmospheric Administration,
Prince William Sound Science Center, ADF&G, and U.S. Geological Survey) the results of
individual aerial surveys daily. Typically, electronic copies of the surveys (Figure 1-1) are
provided to cooperators within 4 hours of flight completion. These surveys identify the extent of
the aerial survey, locations of marine mammals, location and relative size of herring schools, and
linear extent of observed herring spawn. Researchers use this information to monitor species

associated with herring spawning activity and to anticipate the timing and extent of the spawning
events.
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Figure 1-1. Example of a large-scale herring spawning survey flight path and the observations
being collected in Prince William Sound, AK.

Surveys are conducted in a float equipped, fixed-wing aircraft flying at an elevation of ~1,200
feet. Primary and secondary observers are used for each flight. The primary observer sits in the
back seat and uses a tablet computer to enter survey metadata in a spreadsheet and georeferenced
survey data in an ESRI ArcPad application connected to a Bluetooth GPS (Bochenek 2010). The
primary observer also attaches a camera to the inside of the back window facing out to collect
either video or a still image every 1 or 2 seconds.
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The secondary observer sits in the front passenger seat and reports observations to the primary
observer, collects observations on paper maps as a hardcopy duplicate in case of digital failure,
deploys a handheld GPS as a backup to the Bluetooth capable GPS, and takes georeferenced
photos with a GPS-enabled digital single lens reflex (DSLR) camera and fast lens (F2.8) of
spawning events, large biomass aggregations, and large herring predator groups. Measurements
made during the survey include estimating the linear extent of milt, estimating the biomass of
herring schools from surface area, estimating the number and species of marine mammals at a
location, and estimating the number of birds at a location.

Herring spawn activity is located visually through discoloration of water by the presence of
herring milt (Figure 1-2). The linear extent of miles of milt are estimated visually utilizing
landmarks, coastal features, and detailed GIS shapefiles and are digitized directly into the ESRI
ArcPad file on the survey tablet using a stylus. Spawn activity is assigned a qualitative descriptor
based on density and extent of discoloration: active light, active medium, active heavy,
dissipating, and drift (Table 1-1). These categories are recorded in the database associated with
the digitized shapefile. Precise estimation for miles of milt are calculated later using ArcGIS
measurement tools after the survey data has been reviewed and correlated with digital
photographs and video from the survey.

© Rich Brenner (DFG) 2014

Figure 1-2. Discoloration of water due to presence of milt from herring spawning activity.

Biomass of individual herring schools is estimated using a surface area to short tons (st)
conversion (Lebida and Whitmore 1985, Brady 1987). A sighting tube with a known focal length
is used to calibrate observer estimation of surface area on a few herring schools at the beginning
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of each survey. Gridlines within the sighting tube provide a visual reference for known ground
distances at a given elevation. Herring school sizes can then be estimated based on the surface
area proximity to gridlines within the tube and are generally split into 3 classifications with
corresponding biomass conversions: Small, Medium, and Large (Table 1-2). Very large and/or
irregularly shaped schools are visually separated into Small size class sections and the total
number of these sections enumerated for the school. Size classes are used as guidelines for
estimating biomass of schools that fall in between the general classifications.

Table 1-1.—Herring spawning activity classifications by presence and extent of milt.

CLASS Description Example photo

g

Fish actively spawning, but little
milt in the water and very light
coloring. Usually some marine
mammals (sea lions, harbor seals,
or harbor porpoises) or sea birds
associated with the spawn.

Active Light

Fish actively spawning and
moderate amounts of milt in the
water and much lighter coloring.

Active Almost always some marine

Medium mammals (sea lions, harbor seals,
or harbor porpoises) or larger
groups of sea birds associated with
the spawn.

Fish actively spawning, and large
amounts of milt in the water. The
color is usually bright white to
blue green. Almost always larger
groups of marine mammals (sea
lions, harbor seals, or harbor
porpoises) or sea birds associated
with the spawn.

Active Heavy
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CLASS Description Example photo

Milt that is likely from the R
previous day. Very dispersed with SN ;
few marine mammals. May still be
many sea birds on the beach eating
eggs. Generally not included in
our summary of mile-days of
spawn unless we did not document
the active spawn previously.

Areas of milt that have drifted
with the current offshore or away
from the areas of active spawn.
For example, tides or currents

Drift regularly cause milt to drift
offshore for up to a mile or more
off points. Drift is not summed
with active spawn for calculating
the total extent of spawn.

Dissipating

Table 1-2.—Herring school size class and corresponding surface area, diameter, and biomass.

Size Class Surface Area Diameter Biomass
Small 1962 ft* (181 m?) 50 ft (15.2 m) 10 st
Medium 7850 ft? (725 m?) 100 ft (30.4 m) 40 st
Large 31400 t* (2902 m?) 200 ft (60.8 m) 160 st

Surface area of herring schools for the remainder of the survey is estimated visually without the
sighting tube after calibration. Herring school observations and size estimation are entered as
point data in the tablet’s ArcPad application georeferenced via GPS or placed with the stylus
based on landmarks and map features.

Marine mammal sightings are recorded in the tablet ArcPad application as point data and avian
aggregations are recorded as line data by using GPS and spatial landmarks, identified at the
species or type level (e.g., Stellar sea lion, gulls). Marine mammal abundance is directly counted
for small groups (~<30) or estimated for larger groups (~>30).

After each survey all electronic data are transferred to the local Cordova ADF&G network.
ArcPad data are downloaded from the tablet for processing with ESRI ArcMap. DSLR photos
are transferred for editing with Adobe Lightroom. The handheld GPS is downloaded with
DNRGPS software. Videos or images are downloaded from the video camera using either GoPro
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Quik or Garmin VIRB software. Observations on paper maps are examined for complete survey
information and stored for use in post-season processing.

At the end of the survey season, milt locations, classification and lengths are adjusted by
comparing data collected on the GIS application to the digital photography and video imagery.
Estimates of large marine mammal aggregations (~>30) are adjusted by counting individuals
from survey photographs. Georeferenced survey photographs are transformed into shapefiles.

After adjustments are complete, the individual survey GIS data are combined into shapefiles for
the year and then added to the historical GIS shapefiles. These historical shapefiles allow
comparison across all years for milt observations (1973-2019), survey routes (1997-2019), sea
lion location and abundance (currently 2008—2019), other marine mammals (currently 2008—
2019), and birds (currently 2008-2019).

All raw and processed data and metadata are then provided to the Herring Research and
Monitoring (HRM) program research workspace and the Alaska Ocean Observing System data
portal for accessibility by researchers, the public, and agencies.

SUPPLEMENTAL MILT DETECTION METHODS

Because aerial surveys can be limited by flight conditions and are limited in geographic
coverage, we have tried a few different methods to supplement the aerial observations. We have
paid particular attention to getting spawn information from Kayak Island because it is not part of
the regular survey route. Our efforts include both local observations and satellite observations.

LOCAL OBSERVERS AND REMOTE CAMERAS

Local observations that were tried included having personnel near expected spawning locations
to report in spawn observations and the mounting of cameras that transmitted photographs every
six hours. We sent a pair of observers with a small drone to Kayak Island. The desire being to get
local observations in a greater variety of weather conditions and to be able to call in or
photograph any spawn event. A remote camp was necessary because there are no facilities near
the northern end of the island where most of the spawn occurs. Spawn is expected to occur in
both early and mid-April. This is a cold and wet time of the year and personnel needed to cross
the width of the island to be able to determine if spawn was occurring on either side. In the end
the combination of the size of the area to be covered and the living conditions on the island made
us to decide that the approach was not feasible for regular monitoring for spawn.

We also attempted to monitor spawn events using remote cameras. We deployed two remote
camera systems that transmitted photographs by satellite to allow us to monitor likely spawn
areas. The cameras were mounted at the top of approximately 30m tall bluffs that overlook the
beaches on Kayak Island (Figure 1-3). We obtained photographs four times each day. Generally,
the mid-day photograph was the best of the four. The large tides and extensive reefs along this
shore resulted in very large changes in how much of the image covered water. Even though we
know of at least one spawn event that was covered by the cameras because of aerial
observations, we were not able to clearly detect spawn in any of the images. We did note large
changes in bird activity that occurred after a spawn event. We believe our uncertainty in the
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detection of spawn is due to the low angle that the cameras had to the beach even though they
were mounted on a bluff overlooking the beach. Thus, the cameras provided indirect evidence of
spawn through the observation of bird activity but were not of value in knowing when a plane
should be sent to cover potential spawn events.

Figure 1-3. The camera as mounted overlooking a reef on Kayak Island is shown (left). An image
from the camera is shown on the right.

SATELLITE IMAGERY

Satellite observations have been used for the purpose of detecting spawn to send an aircraft for
direct observations and to detect spawn that may have been missed by the regular aerial surveys.
True color images from satellite imaging in the visible portion of the spectrum were used.
Satellites operating in the visible spectrum are not able to image the ocean through clouds, which
is a major limitation for use in the northern Gulf of Alaska. Other important considerations are
how often the satellite images an area and the resolution of image.

Initial efforts used MODIS imagery. The MODIS satellites are designed for ocean and terrestrial
color measurements with a pixel size of approximately 1 km x 1 km. Typically the sensor would
image PWS about two of every three days. Because of the low resolution of the MODIS imagery
the only very large areas of spawn are detectable. The spawn at Kayak Island is one of the few
that has been detected using the MODIS imagery. We did detect spawn using the satellite images
and were able to fly out and confirm it (Figure 1-4).

In 2019 we tested the use of the much higher resolution planetscope satellite constellation that is
available through planet.com. As with the MODIS imagery, these satellites cannot be used when
clouds are present. The resolution (< 5Sm) of these satellites does allow for the detection of much
smaller spawn events (Figure 1-5). Imagery began in 2009 so there is some ability to search for
undetected spawn events in earlier years. A limitation is that the imagery is only available on a
subscription basis. There is free (or low cost) high-resolution satellite imagery available for the
European Sentinel Satellite system. The coverage of that system is very limited.
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The high-resolution satellite imagery does allow for much greater spatial coverage than is
available from aircraft but remains limited by cloud cover and temporal coverage of the area.

© 2013 AK. Dept. Fish & Game. Photo by Steve Moffitt

Figure 1-4. Satellite image of herring spawn off Kayak Island (left) and an aerial view of the
same event (right).

Figure 1-5. Herring spawn March 31, 2019 from Knowles Head to Red Head in
Prince William Sound.
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ACOUSTIC SURVEYS

The objective of the acoustic survey is to provide an index of herring spawning biomass in PWS
on an annual basis. The survey has been conducted in the spring (late March to early April) since
1993. The estimate of herring biomass from this survey assumes that the fish located in the pre-
spawning biomass are mature. Based on data on maturity in past ASL surveys at the time of the
spring acoustic surveys, the majority of the biomass measured is likely to be spawners, but
immature fish do make up a component of the catch.

THREE-STAGE SURVEY DESIGN

The survey design requires flexibility to account for heterogeneity in the herring distribution
from year to year. The survey is based on a three-stage survey design that is described in a
number of publications (e.g., Thomas and Thorne 2003). The three stages are described in detail
below:

1. Locate aggregation(s). We rely on several sources of information on distribution of
herring to decide which regions to focus on. Traditionally there have been western and
eastern spawning aggregations, with the former located mostly near the northeast coast of
Montague Island (including Zaikof Bay, Rocky Bay, and Stockdale Harbor), and the
latter located in Port Fidalgo and Port Gravina. Smaller aggregations have been observed
in other parts of PWS, but have not been consistently surveyed, and we assume they are
(collectively) a small contributor to the PWS spawning population. We rely on a
combination of observations from aerial surveys conducted by ADF&G, early-season
ship surveys contracted through the Prince William Sound Science Center (visual
observations and ship-board sonar), and more anecdotal observations from other flights,
vessels, or observations by residents of coastal communities (e.g., Tatitlek). Indicators of
pre-spawn herring include direct observations of schools and foraging activity of herring
predators, including whales, sea lions, and seabirds.

2. Conduct systematic survey within the spatial sampling frame. Once evidence of
aggregations exist, cruises are planned to those regions with scientific echosounder
equipment (we currently use 70 kHz and 120 kHz echosounder systems produced by
Biosonics). While the surveys are typically conducted at night, daytime observations
(visual, as well as ship-board sonar) are gathered to provide additional information on
distribution of schools, although many herring are close to the seabed during the day and
may not be detectable by sonar. The sample frame is defined to encompass the
aggregation and a series of parallel zigs and parallel zags (approximately 2km separation)
are charted to serve as the survey transects. The sampling frame is informed by the spatial
patterns in herring schools and predators observed during the day. The largest
aggregation, typically observed in Port Gravina, encompasses approximately 8 km of
shoreline (from mouth of St. Matthews Bay to Red Head), and transects extend just
beyond the 60m isobath (some transects pass over depths > 80 m). In Gravina we have
included 8 separate transects (4 zigs and 4 zags) that add up to a total transect length of
approximately 12-15km. This is equivalent to a systematic survey with evenly spaced
transects within the established sampling frame. We begin the survey at dark (typically
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about 10-11 PM), and the survey takes approximately 4-5 hours to complete. Conducting
acoustic surveys at night is advantageous as schools are generally higher in the water
column and individuals are more dispersed, which decreases the likelihood of acoustic
shadowing which tends to produce bias in acoustic surveys. Our transducer is fixed
down-looking on a towfin, and the towfin is towed about 1 m below the surface. Vessel
speed is approximately 2-3 knots, and all ship-board lights are turned off. Sonar pulse
width is set at 0.4 ms, with a ping rate of 1 per second. Similar survey designs are
established in other regions to accomplish our main objective. An effort is made to repeat
the survey over consecutive nights to provide an estimate of precision on our biomass
estimate, although this has been difficult in recent years as herring distribution is more
ephemeral and the “staging period” prior to spawning appears to now be very brief. As a
result, we have not been able to obtain estimates of precision in recent years.

3. Estimate mean target size in the surveyed aggregation. We coordinate with another
vessel (ADF&G vessel, R/V Solstice) to carry out the third stage involving direct capture
of herring to estimate mean target size. We use an established relationship between target
strength and backscatter (dB re m~, Thomas et al. 2002) that requires an unbiased
estimate of the mean herring length in the surveyed aggregation, ideally collected in each
region during the same night of the acoustic survey. In past surveys (particularly one
conducted during daylight hours when schools are generally deeper), target strengths are
adjusted to account for gas bladder compression at depth (Thomas et al. 2002). This has
not been required in recent years as the mean depth of aggregations in nighttime surveys
have not diverged from the depths at which the relationship was established (herring at ~
40 m depth). ADF&G summarizes length at age and age composition of the net-captured
individuals. We compute a mean length weighted by the age composition. The preference
is to rely on purse seine catches, as this gear is the most effective at sampling
aggregations (generally deeper, and less selective than other gear). In past years, data on
sizes were obtained from other capture gear when purse-seines were not deployed or
were not effective (including cast nets and multi-mesh gill nets).

DATA COLLECTION, PROCESSING, AND ANALYSIS

Acoustic data and GPS coordinates are saved during the survey as *.DT4 files on a laptop
networked to the Biosonics DTX echosounder. Calibration of the system involves recording
target strength (dB) of a tungsten carbide sphere suspending by monofilament at 5-10 m below
the face of the transducer (at least 300 echos are recorded, recording lasts about 5 minutes). This
is typically done once a season at a location near the survey area just prior to a night’s survey.
These calibration data are also saved in a separate *.DT4 file. Calibration results have been
stable over time and no adjustments to results have been needed.

Data from each night survey are first processed using Echoview (v. 5.0) to perform vertical
echointegration. This software automatically detects bottom and creates a line. Some errors in
bottom detection occur, so each echogram is visually inspected, and the bottom line is adjusted
accordingly. The data are filtered (-60 dB threshold) to remove smaller, non-fish targets. An
image file (PNG) for each night’s transect is produced from the software for use in the annual
report (see example, Figure 1-6). The echo intensity is binned in cells by depth. These
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calculations are performed within Echoview and the backscatter measures (area backscatter
coefficient, s, (units m? m2), or nautical area backscatter coefficient (sa, NASC, units m? nm2))
are exported in a comma delimited file. We limit the echointegration to the top 60 m of the water
column. It should also be noted that the transducer is suspended approximately 1 m below the
surface when the ship is underway on a transect, and we exclude data 1 m below the transducer
face, the so-called blind zone due to transducer ringing and limited sampling volume. Thus, the
ensonified survey area extends from ~ 2 m below the surface down to 62 m below the surface.
Acoustic sampling with a transducer mounted upward-facing on the seabed near Hell’s Hole in
Port Gravina in 2016 indicated the herring aggregations were well below 2 m of the surface
during the night, a distribution that likely limits exposure to surface herring predators (Rand
2018). This sampling, performed autonomously (i.e. no effects from the presence of a ship),
indicated that our annual survey is not missing herring near surface. If deeper aggregations are
encountered (particularly if any surveys are conducted during the day), we adjust the lower depth
threshold to extend the survey area into deeper water.

-60dB

b

Figure 1-6. Echogram from transects conducted off Hell’s Hole in Port Gravina,
Prince William Sound during April 2016. Horizontal bars represent 10 m depth strata, and
vertical bars represent 1 km intervals determined from GPS tracking of the vessel during the
survey. Acoustic data shown are filtered by applying a minimum threshold of -60 dB.

The second and final analysis step involved uploading the output from Echoview in R statistical
software to estimate the echo intensity of an individual herring target, estimate the biomass of
herring along the transect, and extrapolate to the sampling frame to estimate herring biomass in
the survey area. We first produce a map with the cruise track with backscatter measures
represented using a false-color spectrum (Figure 1-7). This provides a plan view that highlights
locations along the transect where herring schools were encountered. The R code estimates the
average biomass estimate across pings along the entire transect, and this average is applied over
the spatial extent of the sampling frame described above.
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Figure 1-7. Example transect conducted in Rocky Bay in Prince
William Sound in April 2017. Colors along transect reflect
backscatter (NASC, defined in text) integrated from the
surface to 60 m depth. Acoustic data shown are filtered by
applying a minimum threshold of -60 dB.

The computation is as follows:

TS, = —5.98 logy, (L) — 24.23

where TS,, = target strength (dB re 1 kg herring) and L = standard length of herring (in cm). A
backscatter scaler is computed as:

Ops = 10TSW/10

which represents the backscatter relative to 1 kg of herring (units m*kg™).

The value of this may be adjusted in cases where herring depth distribution diverges from
~ 40 m. We then estimate average total backscatter per ping along the entire transect as:
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n
Sq = Z Sa,n/n
0

where 5 is the backscatter per ping (m?> m), and 7 is the number of pings along the transect.
Biomass is calculated as:

Biomass = Sy /0,5 * SA * 1000

where SA is the total survey area estimated by computing the subset of points that lie on the
convex hull (chull routine in R, in m?), and 1000 converts kg to mt.

In cases where precision of the estimate is calculated, we produce two estimates per survey-night
(1 estimate derived from the transect zigs, and the other from the transect zags) and, when
conducted over multiple nights, we estimate the mean and variance of biomass by considering
each estimate as independent and drawn from a normal distribution. This has not been possible in
recent years given the lack of evidence that the population is closed (no immigration or
emigration from the survey area) over consecutive nights. Precision of the survey has been
estimated during a period of overall higher abundance (CV range of 4.5-13.3% during 1993-
2001, Thomas and Thorne 2003). It appears fish behavior has changed since these earlier surveys
with fish likely moving in and out of the study area over multiple days, and this has frustrated
efforts to estimate survey precision.

AGE, SEX, AND S1ZE (ASL)

Age, sex, and size data from Pacific herring have been collected from commercial fisheries and
fishery independent research projects since the early 1970s. Numerous gear types have been used
to collect herring over the life of the dataset. The most commonly used gear types are an anchovy
seine and cast nets. The seine is used to sample the pre-spawn population and cast nets are used
to collect spawning fish.

The ASL processing methods are outlined in Baker et al. (1991) and have been followed with
only a few changes through time. Samples are stratified by area, time, and gear. Sample sizes
(n=450) are set to estimate the age composition of each sample to within +5% of the true
proportion 90% of the time (Thompson 1992) assuming no more than 10% of the scales are
unreadable. Herring are collected in the field and frozen in large 6 mm plastic bags with labels
inside the bag that document the date, time, location, gear, samplers, and the number of bags.
Other information including the coordinates of the sample location are collected and added to a
sample log. Often more than 450 fish are collected, so an equal number of fish are randomly
selected from each bag for processing to meet the sample goal. A sixty fish sample is used for
disease prevalence measurements. From the fish selected for processing, 10 fish at a time are
place on a tray and their length measured to the nearest mm (standard length, tip of snout to
hypural plate (Figure 1-8.), whole weight to the nearest gram collected from an electronic
balance, sex determined from examination of the gonads (1=male, 2=female, 3= unknown), and
gonad condition estimated from examination of the gonad (scale of 1, undeveloped, to 8,
recovering from spawning). All these data are collected directly into an electronic fish measuring
board or measured manually and entered directly to an electronic datasheet. The precision of
length measurements collected on the electronic fish measuring board have been tested and are
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within £1mm. Weights are collected with an electronic balance that is checked with calibration
weights (and recalibrated if necessary) prior to each sampling event.
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Figure 1-8. Standard length (tip of snout to end of hypural plate) and fork length
measurements (tip of snout to fork of tail).

A scale is then collected from the left side of the fish from a preferred area if possible (Figure
1-9). The preferred area is above the lateral line and 3-4 rows of scales back from the operculum.
This area generally has symmetrical growth patterns and distinct annuli. Scales are cleaned and
placed on a pre-labeled glass microscope slide after dipping in a solution of 1:10 mucilage glue
to water. A single scale from each of 10 fish is placed as two rows of 5 scales on each slide.
Scales are viewed on a microfiche to ensure they are readable for age (not regenerated) and
useable for measuring growth increments. If they are not useable to interpret age or measure
growth increments, another scale is collected and examined. After all scales are checked they are
covered with a second slide and taped together at the label end of the slide. All slides are stored
in a labeled box or cabinet tray until examining for age. ADF&G currently has an archive
containing approximately 210,000 scales and paired size data with most of the archive collected
since 1979. Summaries of many of these data have been published (e.g., Funk and Sandone
1987, Funk and Sandone 1990, Willette et al. 1998). Scales from this archive were imaged and
used in a project titled “PWS Herring Program - Scales as growth history records.”

Scales are examined for age interpretation on a microfiche reader. Scales are read by the lead
ASL biologist or by a group 2 or 3 technicians. In cases of multiple readers, ages are interpreted
independently and then the committee discusses any differences before agreeing on an age by
consensus. The lead ASL biologist spot checks all samples to reduce the chance of reader drift in
age interpretation. Ages are keyed into the spreadsheet once age interpretation from scales is
completed. Age, sex, and size composition summaries that include sample size and percentage
by age class and sex, mean and standard deviation by age class and sex for weight and standard
length are generated. Historical data (1973—present) are currently stored and summarized in
spreadsheet form and in a web-based PWS herring relational database.

1-15
HRM Synthesis Report March 10, 2021



S A . !
e, WL LAY Rt e s 5
AR sl =

Figure 1-9. Preferred areas for collecting scales for age from Pacific herring. Numbers

are in order of preference (#1 is most preferred). Scales are collected from
the left side of fish when possible.

Detecting a change in the sex, age, or size composition among areas will depend on sample
collection; however, annual collections have exceeded 1,000 fish per year since 1981 with a
median of 5,300 fish (1982-2014). Age interpretations have been compared across areas in past
(e.g., Brannian 1988).

AERIAL FORAGE FISH SURVEYS

Aerial surveys of forage fish, including herring, have been conducted since 2010. One aspect of
the aerial forage fish surveys is the collection of information on age-1 herring that then can be
used for refining the prediction of the age-3 recruitment to the spawning population. The surveys
also provide information to the Gulf Watch Alaska Forage Fish project. Coordination between
the aerial surveys described here and the boat surveys of the Forage Fish project allows greater
coverage than either survey could accomplish on its own and allows for validation sampling for
the aerial survey identifications.

Aerial shoreline census survey methods follow those established during the Sound Ecosystem
Assessment and Alaska Predator Ecosystem Experiment (Brown and Moreland 2000, Norcross
et al. 1999). Aerial surveys are conducted from a Cessna 185 float plane traveling at speeds of
200-240 km/h and a target altitude of 300 m. Surveys are flown parallel to shore, but we
occasionally circle back to verify observations when school densities are high. The entire PWS
coastline is flown. It normally takes twelve to fourteen days, flying four to five hours in a day, to
complete a survey of the entire Sound. The section of the Sound flown on any particular day
depends on the weather and aircraft schedule. The completed sections are mapped on the
aircraft’s GPS and on a paper map to ensure there are no gaps in coverage. Surveys are flown in
the month of June to reduce identification errors caused when age-0 herring and sand lance
(Ammodytes hexapterus) become visible, typically in July.

There are two observers in the aircraft on each flight. The primary observer counts and identifies
the schools while the secondary observer records the observations and looks for schools on the
other side of the plane. The primary observer is the one on the shoreline side of the plane where
most schools are observed. The primary observer has at least two years of aerial survey
experience. Observations during flights are collected on the location, altitude, number, and size
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of schools of forage fish. A GPS is used to provide position information to an electronic
recording platform and paper logs are kept as a backup record. Norcross et al. (1999) contains a
detailed description of the survey design and analysis of errors associated with observations.

The schools are identified by species (Pacific herring, Pacific sand lance, capelin (Mallotus
villosus), and eulachon (Thaleichthys pacificus), and unknown forage fish) and herring are
classified by age (1 or 2+). Age-1 herring are just over a year old in June and age-2+ herring are
any herring older than one year old. Species identification is based on characteristics of the
school including color, shape, location, and evidence of flashing as herring roll within a school.
Herring schools tend to be round (Figure 1-10) and the tendency of individuals within schools to
roll creates a telltale flash of light. Younger (smaller) herring show a finer pattern of flashing
compared to older fish. Adult herring (age 2+) tend to form larger schools in deeper water than
age-1 herring. Sand lance schools tend to be darker in color, irregularly shaped and in shallow
areas with sand and gravel habitats (Figure 1-10; Norcross et al. 1999, Ostrand et al. 1998).
Capelin tend to form large, cresent-shaped schools, whereas eulachon form very large shoals
primarily associated with offshore waters and the Copper River Delta.

sand lance

"“hernng

Figure 1-10. Aerial photograph of typical Pacific herring and Pacific sand lance
schools along shorelines in Prince William Sound, AK. Herring schools are
typically round or oval and sand lance schools are darker and irregularly shaped.

The size of schools are estimated by using a sighting tube constructed of PVC pipe with a grid
drawn on mylar on the far end (see Norcross et al. 1999 for details). The focal length (F) of the
tube is 210 mm, and a full tick mark on the grid is 1 cm. School size is reported as small
(diameter < 0.5 ticks), medium (> 0.5 ticks and < 1.0 ticks), and large (> 1.0 tick marks). From
an observation height of 300 m this provides an equivalent surface area of < 75 m? for small
schools, 75 — 300 m? for a medium school and > 300 m? for a large school.
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The survey information is then mapped to provide an idea of the distribution (Figure 1-11). The
number of schools of age-1 herring observed is tallied to provide an indication of potential future
recruitment (Figure 1-12). We also provide a small-school equivalent number of schools that
uses school-size weighting. The weighting being Medium = 9*Small; Large = 25*small; X-large
= 36*small.
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Figure 1-11. June 2019 distribution of forage fish schools in Prince William Sound, AK.

The total number of schools of age-1 herring and small-school equivalent number of age-1
herring schools was provided to the HRM population modeling team for the first time in 2019.

Validation of the aerial school identification is achieved by working with survey vessels in the
GWA and HRM programs. The aircraft identifies a school and guides the survey vessel to that
school to determine identification through sampling of the school. Based on validation efforts
since 2015 and previous work (Norcross et al. 1999) we find that most misidentifications occur
with age-0 herring and age-0 sand lance that appear in July. Even once the age-0 schools become
visible to the aircraft, the error in identifying herring is between 5 and 10% and sand lance is
about 20%. The sample size for identification in June is still fairly small, but as may be expected,
the herring and sand lance schools are correctly identified more often in June since there are no
age-0 fish observed.
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Figure 1-12. Small-school equivalent number of age-1 herring schools by year for Prince
William
Sound, AK. No data from 2011 are presented because there was not a complete survey.

DISCUSSION

Presented here are the surveys that are currently being conducted. Past surveys included fisheries
dependent information and egg deposition surveys. The egg deposition surveys were important
as they provide an anchor for the model as it estimates current herring population using the mile-
days of milt and acoustic biomass estimates. In her doctoral thesis, Muradian (2015) examined
the cost benefit of the different inputs to the model and determined that the existing surveys are
the most cost-effective for the modeling effort.

The mile-days of milt index is the longest running and most consistent times series of herring
abundance in PWS. As such, it is critical to maintain this index to provide necessary inputs to the
assessment models and to meet the overall Herring Research and Monitoring program goal of
improving predictive models of herring stocks through observations and research. In addition to
providing a long-term index of relative abundance, the aerial survey and ASL projects inform
nearly every other project in the Herring Research and Monitoring program by providing age
composition and weight at age for the ASA and BASA models; estimating target strength for the
acoustic survey estimates of biomass; provide vessel support for spring acoustics surveys and
disease sampling; and providing timely aerial and vessel based survey observations to coordinate
collection efforts for tagging and maturity studies.

The metrics generated by the aerial surveys were designed to be an index of relative abundance,
comparable across the historical time series. It is important to keep these survey methods as
consistent as possible to retain comparability among years. Poor weather can reduce spatial and
temporal coverage of aerial surveys during some years because aerial surveys can only occur
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during Visual Flight Rules conditions as weather conditions allow. Despite this we make every
effort to maintain consistency across years and there is not a strong relationship between survey
effort and mile-days of milt (Figure 1-13). Despite the inherent issues with aerial survey data, the
PWS mile-days of milt index has tracked well with other independent estimates of herring
biomass (Figure 1-14).
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Figure 1-13. Prince William Sound herring aerial survey effort and mile-days of milt.
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Figure 1-14. Prince William Sound mile-days of milt compared to acoustic biomass estimate.
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The PWS area (including Kayak Island) is heavily trafficked by boat and airplane. We have
regular communication with air taxis, private pilots, fishers, subsistence users, and other Herring
Research and Monitoring projects (acoustics, tagging, disease, and ASL surveys) during PWS
herring spawn timing. Many PWS commercial herring permit holders live in Cordova and the
general interest in, and subsistence value of, PWS herring among residents is high. Considering
the amount of air and vessel traffic in the Sound, and the general interest in herring and in
ADF&G’s herring monitoring program, it is unlikely that significant spawning events, similar in
magnitude to those observed in the Port Gravina and Hawkins Island areas in recent years, would
go unobserved and unreported. However, we undoubtedly miss small, short-timed “spot
spawning” events. As remote imaging technology improves, continued investigations into
supplemental milt detection methods may provide valuable insights into the frequency and
magnitude of otherwise unobserved spawning events.

We also continue to explore options to supplement the existing aerial survey effort to ensure we
are not missing spawn events and learn how we might be able to detect spawn near PWS, such as
at Kayak Island more often.

The acoustic surveys are meant to provide an index of the pre-spawn aggregation biomass
because this is the time that the herring are the most congregated. It is shown in the maturity
chapter that not all herring are present in the pre-spawn aggregations and thus the acoustic
survey should be considered an index of the spawning population. Because the location of the
fish not in the pre-spawn aggregation is not known, the expansion of the acoustic surveys to
provide an index of total biomass is not practical.

The aerial surveys of juvenile herring provide the only index of potential recruitment. We are
just now beginning the process of determining how well the index predicts future recruitment.
Given the wide range of recruitment success each year, we have high hopes that this index will
be better than assuming that recruitment will be the median value of recruitment during the past
ten years.
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CHAPTER 2 MATURITY

W. Scott Pegau!, John Trochta?, Kristen Gorman', Trevor Branch?

! Prince William Sound Science Center, Cordova, AK
2 University of Washington, Seattle, WA

INTRODUCTION

Maturity has two definitions in the context of this work. The first is whether a fish is likely to
spawn. The second is whether a fish is observed in the sampling of the spawning aggregation.
The second definition is more of an operational definition that is used by the Age-Structure-
Analysis (ASA) model to convert from spawning biomass to total biomass and may be better
termed availability. As we will show, there are some fish that are observed in the pre-spawning
and spawning aggregations that are not likely to spawn and not all fish are observed in the pre-
spawning aggregations.

In this chapter we examine the maturity of Pacific herring (Clupea pallasii) in the pre-spawning
and spawning aggregations from samples collected for age-sex-size (ASL) analysis. We then use
the ASL data to determine if the pre-spawning and spawning aggregations represent the total
population of herring at a given age, or if there is a need for an availability function in the ASA
model. The purpose of the availability function is to extrapolate to the total population at each
age from the observed spawning population. We find that there are immature fish collected in the
ASL samples and that not all fish are available to ASL sampling. A percentage of age-3 and age-
4 fish do not appear to be part of the pre-spawning or spawning populations.

The scale growth of four cohorts (1984, 1988, 1999, 2005) are examined to see if there is
evidence of bimodal growth in male and female herring. The cohorts were chosen to include two
on from each time block that the ASA model currently uses. Preliminary results show that both
male and female herring show indications of bimodal growth in the scale records that is most
evident at the older ages (age-5 and age-6). Fewer scales are imaged at these older age classes
and more scales will need to be imaged before making conclusions.

A suite of eleven model runs are used to examine the question of sensitivity of the model to
different assumptions about maturity and availability. The eleven model runs are meant to bound
the likely range of scenarios. The model runs are also used to examine the assertion by Hulson et
al. (2007) that the maturity function should be calculated in two separate time blocks. We find
that the estimated biomass is not sensitive to the range of maturity scenarios. There is no value to
the model in trying to separate mature and immature fish in the ASL samples. We do not find
evidence in the residuals of a change in the maturity schedule as suggested by Hulson et al.
(2007).
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MATURITY MEASURES AND ESTIMATES FROM THE AGE-WEIGHT-LENGTH SAMPLES

Much of the existing information on Pacific herring in Prince William Sound (PWS) comes from
Alaska Department of Fish and Game’s (ADF&G’s) age-weight-length (AWL) database. This
database extends back to 1973 and the age-structure information input into the ASA model is
based on the AWL sampling. The database includes information on sampling time, location, and
sampling gear. Since 2009, ADF&G has included an estimate of the maturity of herring using the
maturity stages as described in Hay (1985): (1) Undeveloped, (2) Starting, (3) Developing, (4)
Maturing, (5) Mature, (6) Ripe, (7) Spent, and (8) Recovering. In this text we will consider
maturity indices 1-3 as immature and 5-8 as mature. While Hay and McCarter (1999) suggest
that a maturity index of 4 should be considered likely to spawn, we will explore how best to
classify maturity index value of 4 based on the age structure of the pre-spawn aggregations and
fish captured during spawning. We use the information in the AWL, including maturity index, to
examine the maturity of the pre-spawning aggregation and estimate the number of fish not
observed in those aggregations.

MATURITY OF FISH SAMPLED

From 2009 to 2018 there were 35 seine net samples collected during the pre-spawning time
period (March and April). These samples were intended to collect pre-spawn herring for ASL
analysis. The maturity index by age in those samples is provided in Figure 2-1. It can be seen
that most of the age-1 and age-2 fish are immature and fish age-5 have a higher maturity index
(MI) that indicates they are likely to spawn. As expected, the age-3 fish have a mixed MI. The
age-4 fish are generally mature or ripe, but still have a significant proportion of fish that are
maturing.

Maturity Index by Age
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Figure 2-1. Maturity index by age of herring sampled by the seine net in Prince William Sound,
AK.
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It is known that the spawning and nursery grounds overlap and there may be some seine sets that
captured immature fish in a nursery area rather than those in the pre-spawning aggregations.
Each sampling event was examined to see if there were unusual numbers of age-1 and age-2 fish,
or unusual levels of immature fish in a sample. Five samples were identified to have unusual
numbers of age-1 or age-2 fish using a criterion of greater than 60% of the fish caught being age-
1 or age-2. These same five samples were identified as being the only ones with more than 75%
of the sample having a MI <4. Excluding the five samples dominated by young, immature fish
eliminated 1,803 fish from the analysis, of which 398 were age-3 and older and 198 were MI 4 or
greater. This left thirty samples consisting of 11,099 fish in the analysis of age versus maturity
index of seine samples (Table 2-1). The number and maturity of the fish in the five samples
excluded from consideration are provided in Table 2-2.. While some older mature fish were
excluded, they are proportionally much less prevalent than in the samples dominated by older,
more mature fish.

Table 2-1. Number of fish collected by seine by age and maturity index.

Age Maturity index
1 2 3 4 5 6 7 Grand Total
1 1 3 1 5
2 94 198 37 28 36 11 404
3 274 213 249 538 1101 351 8 2734
4 28 24 46 314 998 784 18 2212
5 3 3 13 129 1166 917 10 2241
6 2 6 65 863 454 8 1398
7 1 7 440 614 5 1067
8 2 3 169 460 2 636
9 92 223 315
10 39 48 87
11+ 1 27 21
Grand 403 443 351 1086 4931 3883 51 11148
Total

It is clear from Table 2-1. that there are few mature age-2 fish and few fish age-6 and above that
are immature. It is difficult to tell if a fish of MI 4 may complete maturation and spawn that year
or if it should be considered an immature fish. Table 2-3. provides the percentage of fish sampled
that have an index value greater than 3 or 4 to demonstrate the impact of setting an index of 4 as
mature versus immature. This is most important to age-3 and age-4 fish. If a MI of 4 is likely to
spawn, then nearly all age-4 fish caught are likely to spawn. But about 27% of the age-3 fish
caught should be considered immature. If a fish with a MI of 4 is immature, then nearly half of
the age-3 fish are immature.

2-3
HRM Synthesis Report March 10, 2021



Table 2-2. Number of fish collected by seine by age and maturity index in the five samples
excluded from further analysis.

Age Maturity index

1 2 3 4 5 6 7 Grand Total

1 251 3 254

2 1061 59 11 9 9 1 1 1151

3 119 20 28 43 50 260

4 8 12 22 26 42 110

5 2 4 2 4 2 14

6 3 1 8 1 13

8 1 1

Grand Total 1441 95 69 83 112 2 1 1803

Table 2-3. The percentage of fish by age caught by the seine that are above a maturity index

(MI) of 3 or 4.

Age % >MI 3 % >MI 4
2 18 12
3 73 53
4 96 81
5 99 93
6 99 95
7 100 99
8 100 99
9 100 100
10 100 100

Examining the variability between years shows a wide range of the percentage of fish with a MI
of <4 captured in the seine each year (Table 2-4). The purse seine samples in 2009 had unusually
high levels of immature fish as both age 3 and 4.
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Table 2-4. Observed immature (maturity index < 4) in seine samples. In 2011 there were less
than 10 age-3 fish captured, hence no value is provided.

Year 2009 2010 2011 2012 2013 2014 2017 2018
Number of age-3 535 1167 6 429 35 32 210 325
Number of age-4 433 398 142 106 385 361 96 291
Immature age-3 52%  25% 29% 0% 13% 0% 10%
Immature age-4 12% 5% 1% 5% 0% 0% 0% 6%

If the seine samples represented the entire population in PWS, the percentage of immature fish in
Table 2-2 could be considered the appropriate numbers for the maturity schedule used by the
ASA model. The samples with large numbers of age-1 and age-2 fish that were excluded from
the analysis also contained a higher percentage of immature age-3 fish. This indicates that the
seine samples should not be considered representative of the entire population and the numbers
in Table 2-3 likely represent the maximum percentage of mature fish at each age. What remains
unclear is which MI represents fish likely to spawn. It is highly unlikely that fish with a MI less
than four will spawn, but it isn’t clear if a M1 of four (maturing) represents fish likely to spawn
that season.

One check on whether a fish is likely to be mature is to compare the age composition of the seine
samples to those collected by cast nets. The cast net samples are from areas with active
spawning. The MI shows that there are immature fish caught with the cast nets but they represent
no more than 5% of the total fish caught. The purse seine samples tend to have a greater
percentage of age-3 fish, which leads to a lower percentage of age-5 and older fish (Table 2-5).
Removing the age-3 fish from consideration provides closer agreement in the age composition
(Table 2-6). The best agreement between the cast net and seine samples is achieved if a MI of 4
(maturing) is considered immature for age-3 and age-4 fish. It is reasonable to believe that
younger fish have a more difficult time becoming fully mature in time to spawn. It is also
possible that the cast net sampling ended before the age-3 and 4 fish were able to fully mature
and spawn and therefore those ages are underrepresented in the cast net samples, or that there is a
gear selectivity issue (small fish able to fall out of the cast net).

Table 2-5. The age composition of fish caught by cast net and seine.

Gear Cast net Seine maturity >3 Seine maturity >4
Age-3 8.9% 18.0% 13.2%
Age-4 19.0% 19.1% 16.2%
Age-5 25.2% 20.0% 18.9%
Age-6 14.7% 12.5% 11.9%
Age-7 13.0% 9.6% 9.5%
Age-8 8.0% 5.7% 5.7%
2-5
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Table 2-6. The age composition of fish caught by cast net and seine after excluding age-3 and
younger fish.

Gear Cast net Seine maturity >3  Seine maturity >4
Age-4 21.3% 26.6% 22.6%
Age-5 28.2% 27.9% 26.3%
Age-6 16.5% 17.5% 16.7%
Age-7 8.9% 8.0% 7.9%
Age-8 5.0% 4.0% 4.0%

From the maturity index data, it is evident that there are immature fish within the pre-spawning
aggregations. Since seine samples that primarily caught immature fish within the region have a
different percentage of immature fish, it is likely that the pre-spawning biomass does not
represent the total population in PWS. It is likely that fish with a MI of 4 are not likely to spawn
that year, but this may be a result of incomplete cast net sampling late in the spawning season.

ESTIMATION OF FISH NOT SAMPLED

Another issue of interest is whether the spawning aggregations represent the entire population of
PWS or if large portions of the population are missing during the surveys. This is of particular
interest for immature fish that may not have joined the spawning aggregations. An estimate of
the missing fish can be made using the age structure data from the AWL database. The approach
used provides an estimate similar to the maturity variables estimated in the ASA model with two
simplifying assumptions and without using all of the data input into the ASA model. The first
assumption is that the population is stable through the time period. This means that recruitment is
constant and equal to mortality. The second assumption is that mortality is constant in time and
across ages. The combination of assumptions imply that the age structure is constant in time and
therefore the percentage of the population in each age class is constant. This allows us to analyze
the data using percentages of the population observed. The analysis includes fish that were
considered mature or immature and reflects that portion available to the sampling gear. Our
assumption is that fish not included in the AWL samples are immature.

Based on these assumptions we averaged the percentage of fish in each age class collected by all
types of gear each year from 2000 to 2015. We did not include more recent years because the
population declined substantially after 2015. There was one strong recruit year in the time series,
but its effect was minimized by the long period used in the averaging. Furthermore, removing the
effect of that strong cohort would have reduced the years used in the analysis in half. We then fit
an exponential function to the proportion of age-5 through age-8 fish (Figure 2-2). The
exponential fit provides an estimate of mortality and the deviation from the fit gives an estimate
of the percentage of the age-3 and age-4 fish not observed. This approach leads to an estimated
annual mortality rate of 27% with approximately 42% of the age-3 fish and 8 percent of the age-
4 fish unaccounted for in the sampling. The fit has an error margin of +- 5%.
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Figure 2-2. The percent of the total catch by age. An exponential function was fit to the age-5
through age-8 data (blue dots) and the solid red line shows that function. The age-3 and age-
4 percentages are shown as orange dots.

Sub-setting the data and repeating the fit provides a remarkably consistent annual mortality
estimate of 25-30%. If it is assumed that the age-4 fish have all recruited and the exponential fit
is extended to include age-4 fish, then the mortality estimate drops from 27% to 26% and the
of the fit does not significantly change (0.991 to 0.992). However, the estimated proportion of
age-4 fish still slightly higher than observed percentage of age-4 fish.

Because we found that there is a different age structure in the seine samples than from the cast
net, we repeated the analysis by gear type (Figure 2-3). Separated, the two data sets give the
annual mortality estimates of 27% and 32%. The cast net samples have proportionally fewer
age-3 and age-4 fish than the seine. Most likely this is a result of the immature fish observed in
the seine samples not being present in the cast net samples.
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Figure 2-3. The percent of the total catch by age. An exponential function was fit to the age-5
through age-8 data. The blue line and dots represent the cast net data and the red the seine
samples.

DISCUSSION

The work presented here is based on several simplifying assumptions and should only be taken
as a general indication of the maturity and percentage of fish that are not observed. The data
show that there are immature fish in the pre-spawning aggregations and that the overlap between
the location of the pre-spawning and nursery aggregations allows some sampling of primarily
immature fish. Seine sampling of the pre-spawning biomass catches more age-3 fish, many of
which have a maturity index that indicates they are not likely to spawn, than are caught using a
cast net in active spawning areas. Even after correcting the seine samples for maturity the cast
net samples have proportionally fewer age-3 fish, which suggests that there is a sampling bias
towards early in the season when younger fish are less likely to spawn (Lambert, 1987).

It is unlikely that any fish sampled with a MI of 3 or less will spawn, and it is highly likely that
fish with a MI of 5 or higher will spawn. The difficult MI to assess is what is the likelihood that a
fish with a MI of 4 will spawn. Our work suggests that age-3 and age-4 herring with a MI of 4
are unlikely to spawn. This result does not support the assumption in Hay and McCarver (1999)
that herring with a MI of 4 will spawn. However, if there is a temporal bias to the cast net
sampling it could produce the results we observed. We find that approximately 47% of the age-3
fish and 9% of the age-4 fish in the pre-spawning aggregations are immature when using a MI of
5 as the minimum for a fish likely to spawn.

Examining the age structure of the samples between 2000 and 2015 indicates that the annual
mortality is between 27 and 32%. Projecting the curves to age-3 and age-4 fish indicates that we
do not sample the full age-3 population and may be missing a small portion of the age-4 fish.
Based on our simplified analysis of the age-structure data, it appears that the percentage of age-4
fish not observed in the pre-spawning or spawning biomass is likely to be between 3 and 10%.
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The percentage of age-3 fish not observed is between 39 and 52%. If we assume all of the
missing fish are immature, then the total percentage of immature fish is the combination of the
missing fish and the percentage of the observed fish that are not mature, or roughly 67-75% of
age-3 fish and 12-18% of the age-4 fish do not spawn.

The model uses data on the number of fish that are observed in the pre-spawning or spawning
population, not the number of fish that will actually spawn, and uses a function to estimate the
total population. This means that we expect that the model numbers will be most similar to our
percentage of observed fish (48-61% of age-3 fish and 90-97% of age-4). In the same period the
model’s 95™ percentage estimates of observed age-3 fish is 55-76% and the age-4 observed
estimate is fixed at 90%. The model fixes the percent of age-4 fish as observed at the low end of
our estimated range of unobserved fish. This will in turn cause the model’s age-3 percentage of
fish observed to be higher than ours.

Combining age-structure from different types of sampling gear is likely to be a source of error in
the age-structure data used by the model because of the different age structures from the different
sampling techniques. It remains to be seen if the potential error is of the same magnitude as that
from the number of fish caught each year or the timing of sampling. It is important to be able to
collect fish using both the seine and cast nets. We are not always able to collect seine samples
and thus are dependent on cast net samples to fill out the age structure. The cast net samples also
provide the best measure of the age-structure of the fish that are spawning. It is important that the
sampling continue throughout the spawning events. The cast net samples don’t provide a good
measure of the weight of the herring because many have spawned and thus the seine net samples
are needed to understand how environmental conditions impact herring condition. We should
consider if it is necessary to correct for the differences in the sampling techniques. If so, how
best to combine data from the two approaches to provide a consistent measure of the population.
This can be done by only using herring with a maturity index of 5 or higher from the seine
samples. This will keep the estimate closest to the spawning population and reduce the impact of
the balance of the sampling techniques and the changes in the proportion of immature herring
among years. The issue being that this information is not available for all years and changing the
data included in the time series may require the time series to be broken into two separate time
series.

Our analysis is similar to that of Hay and McCarver (1999). They also looked at the age-structure
data to determine if there was a sampling bias in the age-structure capture techniques or if a
portion of the fish turning age-3 were unlikely to spawn. They argued that there was no direct
evidence that there was a population of age-3 herring not likely to spawn. They also concluded
that sampling bias was unlikely to fully account for the fish that were not observed in age
structure data and proposed a migration hypothesis to explain their data. Unlike Hay and
McCarver (1999), we feel that there is direct evidence of age-3 fish that are not likely to spawn
based on the five seine sets that were primarily immature fish. We also feel that it is unlikely that
temporal sampling bias is likely to lead to missing half of all age-3 herring as our estimate of
unobserved fish concluded. Our closest neighboring herring population is not sampled well
enough to allow us to examine the possibility of migration between the two populations.
However, we do not feel it is likely that there would be such a consistent and large migration of
age-3 fish to account for those not observed in the age structure sampling in PWS.

2-9
HRM Synthesis Report March 10, 2021



MATURITY BASED ON SCALES

INTRODUCTION

Reproductive maturity schedules are key demographic parameters included in stock assessment
models such as the ASA. At the individual level, age at maturity can shape overall lifetime
reproductive success (Bernardo 1993, Stearns 1992), and therefore, contribute to stock
productivity. There is some evidence that age at maturity for herring might vary with population
size. For example, Engelhard and Heino (2004) showed that during a period of low stock
abundance for Norwegian spring-spawning herring, age at maturity was considerably reduced
while length at maturity moderately increased, in comparison with time periods before and after
the population collapse. Such dynamics may be important for Pacific herring of PWS given the
population crash by the mid-1990’s following the Exxon Valdez oil spill. Hulson et al. (2008)
reported the original ASA model for PWS herring, noting that maturity schedules appeared to
have changed before and after 1997 (Table 2-7). Further, the current BASA model (Muradian et
al. 2017) estimates two different sets of maturity parameters before and after 1997 (Table 2-7,
see also maturity section in this report by Trochta and Branch). Empirical tests of the maturity
schedules estimated by the PWS herring ASA models is of interest, particularly if methods
allowed for understanding both past and present maturity schedules.

Table 2-7. Reproductive maturity parameterization used in former and current (Bayesian) ASA
models for Pacific herring in Prince William Sound, AK. Values for Muradian et al. (2017)
are median percent spawning and associated credible intervals.

Age % Spawning % Spawning  Reference

1980-1996 1997-2004

3 27 48 Hulson et al. 2008

4 89 75 Hulson et al. 2008

5 100 100 Hulson et al. 2008
1980-1996 1997-2012
39 (28, 56) 49 (37, 66) Muradian et al. 2017
80 (62, 97) 90 Muradian et al. 2017

100 (assumed) 100 (assumed) Muradian et al. 2017

Approaches for studying maturity in herring have typically relied on either direct measures of
gonad maturation such as a gonad-somatic index, Hjort criteria, and histology of ovaries (Hay,
1985, Hay and Outram, 1981), or indirect measures of past spawning history as might be inferred
by scale growth (Engelhard et al. 2003, Vollenweider et al. 2017). As noted in the chapter
section on AWL, capturing fish from the spawning population does not allow for direct
measurements of fish that have not recruited - although some immature fish were collected with
the PWS spawning population. This issue of sampling the entire population is particularly
difficult for herring because finding fish of specific age cohorts outside the spawning event is
particularly difficult except for age-0 herring that use protected nursery bays. The use of scale
growth patterns is one alternative that potentially circumvents the need to sample herring at
specific ages for the study of maturity because scales provide a complete lifetime record of
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growth for individual fish that can be sampled from the spawning population once they have
recruited. For Norwegian spring-spawn herring, the scale growth technique has been used to
examine age at maturation (Engelhard et al., 2003). This approach relies on the fact that as
herring grow over their lifetime, scale growth is proportional to body growth. Thus, when
herring invest more energy in gonad development during reproduction, it reduces the energy
available for body growth and therefore should be reflected in scale growth patterns. In this way,
scale growth can potentially be used a proxy for age-specific maturity schedules. Pilot work as
part of the Herring Research and Monitoring program by Vollenweider et al. (2017) concluded
that scale growth patterns in PWS herring could be used to discern spawning activity.

The purpose of the current analysis is to explore ADF&G’s herring scale growth library (Moffitt,
2017) and assess whether there is evidence for bimodal distributions of herring scale growth as
individual cohorts of herring move through time from age-1 through age-6. The analysis reported
here considers two cohorts of PWS herring before and after the 1997 break point as estimated by
the ASA. The basic prediction is that unimodal scale growth distributions would be expected for
age-1 and age-2 herring. As herring mature, bimodal distributions are expected for ages 3-5. By
age-6, unimodal scale growth distributions are expected as all fish should be recruited by this
age. This idea was tested using ADF&G’s scale growth library (Moffitt 2017). Because the
analysis does not include any information on scale growth changes directly in relation to known
spawning activity, i.e., histology, the analysis here is meant to explore the scale growth library to
understand bimodal patterns in scale growth as a single cohort of fish matures over time. At this
point, results cannot be used to say anything specific about direct spawning activity, but simply
the presence or absence of bimodal patterns in scale growth for specific cohorts of PWS herring.

METHODS

Four cohorts of PWS pacific herring were considered in analyses — 1984, 1988, 1999, and 2005
representing two cohorts before and after the 1997 breakpoint as estimated by the ASA. Scale
growth information for these cohorts from age-1 through age-6 were obtained from ADF&G’s
scale growth library (Moffitt, 2017). Data were collated from age-4, age-5, and age-6 fish,
respectively, from the years 1988-1990, 1992-1994, 2003-2005, and 2009-2011 to produce each
cohort’s dataset. Histogram and density plots were created for males and females separately from
each cohort to help identify which age group might be predicted to show bimodal distributions in
scale growth. Additionally, a Gaussian mixture model was used to detect bimodal distributions in
annual scale growth using the mixtools package (Benaglia et al., 2009) in the R language
environment (R Core Team, 2018). The mclust package (Scrucca et al., 2016), also implemented
in R was used to conduct likelihood ratio tests and Bayesian clustering analysis of the mixture
models produced by the mixtools package.

RESULTS

Histograms, density plots, and mixture model results are show in Figure 2-4 through Figure 2-11
for female and male cohorts of Pacific herring for 1984, 1988, 1999, and 2005, respectively.
Sample sizes for each age group are noted in histogram and density plots. Sample sizes specific
to the Bayesian clustering analysis are noted for each Gaussian mixture model plot.
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Density plots suggest that age 5 female herring in 1988 might be composed of two groups based
on scale growth due to the apparent bimodal distribution (Figure 2-4). Gaussian mixture model
results indicate that females age-4 to age-6 show bimodal distributions in scale growth based on
likelihood ratio tests (LRT: p < 0.05). Bayesian clustering analysis indicated that only age-5
females in this cohort can be distinguished into two groups based on scale growth (Figure 2-4).

Density plots suggested that age 3 male herring in 1986 might be composed of two groups based
on bimodal scale growth (Figure 2-5). Likelihood ratio tests were significant for male herring
age-3 to age-5 in the 1984 cohort (LRT: p < 0.05). Bayesian clustering analysis only
distinguished age-4 and age-5 males as having bimodal scale growth. However, the sample sizes
in each group show only a small number of males belonging to groups with larger scale growth
(i.e., 1 or 2 individuals) (Figure 2-5).

Density plots did not show any obvious sign of bimodal distributions in scale growth, with the
possible exception of age 4 females from the 1988 cohort (Figure 2-6). Likelihood ratio tests
were all non-significant except for age-4 females (LRT: p = 0.5). However, the Bayesian
clustering analysis detected no bimodal distributions for any age class in the 1988 female cohort.

Density plots suggested that age-2 male herring from the 1988 cohort make show bimodal
distributions in scale growth (Figure 2-7). Likelihood ratio tests and Bayesian clustering analysis
did not detect bimodal distributions in scale growth for any age class of males from the 1988
cohort (Figure 2-7).

Density plots for female Pacific herring from the 1999 cohort did not obviously suggest any group might
show bimodal scale growth distributions, possibly with the exception of age-6 female herring from 2004
(Figure 2-8). The likelihood ratio test for age-6 female herring was significant indicating evidence for
bimodal scale growth. However, the Bayesian cluster analysis grouped all ages into one group for
females of the 1999 cohort (Figure 2-8).

Density plots did not obviously suggest any age group of male herring from the 1999 cohort would show
bimodal scale growth distributions (Figure 2-9). Likelihood ratio tests were significant (p < 0.05) for age
1 and age 6 male herring, which was also confirmed by the Bayesian clustering analysis (Figure 2-9).

Density plots suggested that age 3 and age 4 female herring from the 2005 cohort might show bimodal
distributions in scale growth (Figure 2-10). Likelihood ratio tests and Bayesian clustering analysis were
only significant for age-6 female herring in 2010 (Figure 2-10).

Density plots appeared to indicate that age-2 male herring from the 2005 cohort might show
bimodal distributions scale growth (Figure 2-11). The likelihood ratio test was significant

(p< 0.05) for age 1 male herring in 2005 only, but this result was not supported by the Bayesian
clustering analysis. All other age groups showed unimodal scale growth patterns (Figure 2-11).
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Figure 2-4. Scale growth histograms, density plots, and Gaussian mixture models results for
female Pacific herring of the 1984 cohort in Prince William Sound, AK.
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Figure 2-5. Scale growth histograms, density plots, and Gaussian mixture models results for
male Pacific herring of the 1984 cohort in Prince William Sound, AK.
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Figure 2-6. Scale growth histograms, density plots, and Gaussian mixture models results for
female Pacific herring of the 1988 cohort in Prince William Sound, AK.
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Figure 2-7. Scale growth histograms, density plots, and Gaussian mixture models results for
male Pacific herring of the 1988 cohort in Prince William Sound, AK.
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Figure 2-8. Scale growth histograms, density plots, and Gaussian mixture models results for
female Pacific herring of the 1999 cohort in Prince William Sound, AK.
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Figure 2-9. Scale growth histograms, density plots, and Gaussian mixture models results for
male Pacific herring of the 1999 cohort in Prince William Sound, AK.
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Figure 2-10. Scale growth histograms, density plots, and Gaussian mixture models results for
female Pacific herring of the 2005 cohort in Prince William Sound, AK.
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Figure 2-11. Scale growth histograms, density plots, and Gaussian mixture models results for
male Pacific herring of the 2005 cohort in Prince William Sound, AK.
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DISCUSSION

This preliminary analysis demonstrates some evidence for bimodal distributions in scale growth
of specific cohorts of PWS herring as they mature over time. Of interest is the fact that bimodal
distributions were detected for both female and male herring. There was no strong evidence that
younger fish show unimodal distributions in scale growth that then diverges into bimodal
distributions in older fish as bimodal distributions in scale growth were detected in several age-1
groups (1988 females, 1999 males, and 2005 males). Age-2 groups did not exhibit any evidence
for bimodal distributions in the dataset. Only one age-3 group had evidence of bimodal scale
growth distributions (1986 males). Several age-4 groups showed bimodal distributions for scale
growth (1987 females and males, and 1991 females), as well as age-5 and age-6 groups (age-5:
1988 females and males; age-6: 1989 females, 2004 females and males, 2010 females). Clearly,
this analysis indicates the presence of bimodal distributions in scale growth for PWS Pacific
herring, which confirms the conclusion by Vollenweider et al. (2017). It would be useful to
increase the sample sizes of scale growth measurements for future analysis for all age groups.
Additional sample sizes may help resolve long-term shifts in bimodal scale growth, in addition to
considering more cohorts before and after 1997.

MODEL TREATMENT OF MATURITY

The Bayesian ASA (BASA) model (Muradian et al. 2017) is adapted from the model described
by Hulson et al. (2007). The model described by Hulson et al. includes a “maturity” function that
estimates the total number of fish at each age from the observed number of fish at each age
within the pre-spawn and spawning population as measured in the ASL samples. As described
earlier, this definition is better considered an “availability” function because it estimates the
proportion of fish available to the ASL sampling.

An updated version of BASA has been developed and made available on the Alaska Ocean
Observing System Research Workspace (Branch et al., Research Workspace). Included in BASA
is a maturity function as described by Hulson et al. (2007) that the model estimates as the
proportion of all fish available to the acoustic (pre-spawn) and milt (post-spawn) surveys.
Importantly, this maturity function implies that only mature fish are observed, and no immature
fish are included.

The issue with estimating maturity in this manner is that there is no actual maturity information
given to the model. BASA is able to estimate “maturity” at age-3 relative to maturity at age-4
because it treats maturity more like selectivity in the seine and cast net sampling. Because fits to
the age composition, as well as acoustic survey and milt survey data, are assumed to be indices
of spawners, not immature fish, then any discrepancy in the youngest age compositions is treated
as percent mature.

For example, age-5 fish are assumed to be fully accounted for and so the expected total number
of age-4 fish the prior year should be determined from:

(2-1) N4,y—1 =
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Where N, 5,y 18 the number of age-5 fish expected in year y, 1’\74,3,_1 is the number of age-4 fish at
year y minus one, and S is the annual survival rate. However, if the observed number of age-5
fish N©°bs 5,y 18 consistently greater than the preceding year’s age-4 cohort and/or the predicted

age-5 fish from the survival curve, then some age-4 fish must be missed by sampling and can be
calculated by:

Nobs

i 5, _IVS,
(2_2) less4’y_1 — ;’ Y

Where N™isS 4,y—1 1s the number of age-4 fish missing in year minus one. BASA implicitly
calculates maturity to then be:

ﬁ4,y—1
2-3 Mat, = — —
( ) aty NS, 1 +Nyy g
Where Mat, is the mature proportion of age-4 fish, or those age-4 fish in the spawning
aggregations sampled by surveys and therefore selected by the survey because they are available
to the survey gear. When correcting Eq.1 to fully account for all age-4 fish:

Ns,y

(2-4) N‘W -1~ SMat,

It is possible to project back to the number of age-3 fish that must have existed the prior year by
following Eq. 1-4. Again, the discrepancy between the observed number of age-3 fish in a year
to the estimated number of age-4 fish (the true value) provides the mature proportion of age-3
fish in the model.

BASA does not annually estimate the maturity function as suggested in Eq. 1-4, rather, it
estimates the maturity in time blocks. However, this method raises another issue. Age-3 maturity
for each of two time periods and age-4 in the first time period are estimated, and age-4 in the
second time period is fixed (Table 2-8). For age-5 and older the maturity is set to 1.0 in all years.
These two time periods were established with an earlier version of the ASA model (Hulson et al.
2007). Hulson et al. state that an “analysis of residuals suggested that maturity changed before
and after 1997 without showing these results and further acknowledge “it remains unresolved
whether there was a shift in maturity during the late 1990s.” rereejustification for the
establishment of two maturity periods within the model begs the question of whether a break in
maturity caused changes in availability of spawner groups or whether a change in gear selectivity
of age composition sampling occurred by itself (e.g., Ward et al., 2019). Regardless, the model
does converge and provide two very different sets of maturity parameters for the two periods.
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Table 2-8. 2018 Bayesian Age-Structure-Analysis maturity parameter estimates.

Median Lower 95" Upper 95"

Proportion mature at age-3, 1980-96 0.36 0.28 0.46
Proportion mature at age-4, 1980-96 0.92 0.76 1
Proportion mature at age-3, 1997-2018 0.64 0.55 0.76
Proportion mature at age-4, 1997-2018 0.9 0.9 0.9

Current maturity assumptions within BASA suggest model misspecification that may bias
estimates. As we showed earlier, there are immature fish being counted in the acoustic surveys
and the age-structure estimate includes immature fish that would not be able to contribute to the
milt surveys. While there is a maturity estimate for the pre-spawning population surveyed by the
acoustics, it is not straightforward to include these maturity data in the model, because the
percentages counted are not a reflection of numbers in the whole population. Without maturity
data representing the whole population, all we can do is ask how much of a difference the
maturity schedule makes to model estimates by running a sensitivity analysis.

EFFECT OF CHANGING MATURITY ASSUMPTIONS ON MODEL RESULTS

We developed a subset of BASA models that bound the potential effects of mis-specifying
maturity on key model outputs:

Model 1: The current version of BASA in which two sets of mature proportions (1980-1997
and 1998-2018) are estimated. The mature spawning biomass is fit to the acoustic
and milt survey data.

Model 2: Mature proportions are fixed to hypothesized lower bounds over the entire
modeling time frame (1980-2018). The proportions are: 0.5 for age-3, 0.8 for
age-4, 0.9 for age-5, and 1.0 for age-6+. Mature biomass is then fit to the acoustic
and milt survey data.

Model 3: Mature proportions are fixed to hypothesized upper bounds as: 0.8 for age-3, 0.95
for age-4, and 1.0 for age-5+. Mature biomass is fit to the acoustic and milt survey

data.

Model 4: Similar to Model 2 except that total age-3+ herring is fit to the acoustic and milt
survey data.

Model 5: Similar to Model 3 except that total age-3+ herring is fit to the acoustic and milt
survey data.

Model 6: True mature proportions are fixed to the lower bounds as stated in Model 2, but

now estimate mature proportions of the sampled population by fitting to the data
from Table 2-3 (% MI>4) using a logistic likelihood function. With the estimated
maturity of the sampled fish, we can then calculate the proportion of immature fish
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Model 7:

Model 8:

Model 9:

Model 10:

Model 11:

that are available for sampling with the seine nets at each age. The resulting
biomass that is fit to the age composition and acoustic data is the model
predictions for available fish (i.e., mature fish + availability*immature fish) at each
age.

Same as Model 6 except that true mature proportions are fixed to the upper bounds
from Model 3.

A selectivity curve is directly estimated for fitting to the age composition data
(selectivity*total population) from the seine and cast nets. The estimated
selectivity is then used to calculate how many fish are missing from the spawning
aggregations/sampled fish. We assume the sampled fish have fixed mature
proportions equal to those calculated from Table 2-1 (as shown in Table 2-3 with
MI>4), while the missing fish have fixed mature proportions from Table 2-2. The
fixed mature proportions in the sampled and missing/unsampled populations are
the same across all years. The resulting mature biomass that is fit to both the milt
and acoustic data is derived from the mature numbers from both sampled and
unsampled populations (e.g., (selectivity*mature in sampled fish + (1-selectivity)
*mature in unsampled fish)*total fish*weight).

Similar to Model 1 except that one maturity schedule (1980-2018) is estimated.
The mature spawning biomass is fit to the acoustic and milt survey data.

Similar to Model 1 except that early period maturity is estimated (1980-2008)
while the later period (2009-2018) is fixed to 0.53 for age-3 and 0.91 for age-4.
The fixed maturity during 2009-2018 corresponds to seine samples from the pre-
spawning aggregations with a maturity index greater than 4. The mature spawning
biomass is fit to the acoustic and milt survey data.

Similar to Model 1 except that early period maturity is estimated (1980-1999)
while the later period (2000-2018) is fixed to 0.29 for age-3 and 0.85 for age-4.
The fixed maturity during 2000-2018 corresponds to the combination of missing
fish and observed fish that are not mature as estimated from the simplified age-
structure analysis fitting an exponential decay (Figure 2-2). The mature spawning
biomass is fit to the acoustic and milt survey data.

Summary values of spawning biomass and recruitment estimates show minor differences
between models (Figure 2-12). Estimates are from the recent time period to determine the
implications of maturity information on BASA output that has the most relevance for current
management. The base model (Model 1) has a slightly lower 2013-2018 mean biomass compared
to most other models, albeit with a posterior median well within the 95% credibility intervals for
the other models, implying this difference is negligible. The 2018 biomass estimate was slightly
lower from Models 6 and 7 which fit to the maturity data from the seine net sampling, while the
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between-model differences were again negligible. Negligible differences are also seen in median
recruitment estimates from recent years (2013-2018) and across all years.
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Figure 2-12. Summary values of key management estimates from the Bayesian Age-Structure-
Analysis. The median (point) with 95% credibility intervals are shown for each model.

Age-specific estimates of the different availability parameters (Figure 2-13) generally agree with
the results presented in Figure 2-12. Incorporating maturity information into Models 6-8
produced different age-specific values amongst models, as would be expected. For Models 6 and
7, the estimated sampled mature proportions converged on the same values because they are fit
to the percent of fish with MI >4 shown in Table 2-3, estimating approximately 53% mature age-
3, 79% mature age-4, and 93% mature age-5 in both models. When fixing true maturity to the
observed maturity values from Table 2-1 and Table 2-3 and estimating seine selectivity (Model
8), the model estimates that nearly 57% of age-3 fish are selected while age-4+ are nearly fully
selected. The 95% credibility intervals of the selected proportions of these fish (50-60% for age-
3 and 91-100% for age-4) well agrees with the range of observed age-3 and age-4 fish estimated
from Figure 2-2 and Figure 2-3 (48-61% of age-3 and 90-97% of age-4). Maturity over the entire
modeling period (Model 9) was estimated at 55% age-3 (41-71% interval) and 92% age-4 (79-
99% interval). These values closely matched selectivity estimates from Model 8 and were similar
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to maturity estimates from Model 1, particularly for the 1998-2018 time period. Fixing model
maturity to the maturity based on MI>4 from the 2009-2018 seine samples while estimating
maturity in the years prior (Model 10) resulted in BASA estimates similar to the fixed values
between the two time periods (age-3 = 56% and age-4 = 95%, with 42-69% and 85-100%
intervals respectively). Model 10 maturity values also closely matched estimates from Models 1,
8, and 9. The 1980-1999 estimated maturity greatly differed from the fixed maturity during
2000-2018 (determined from an exponential fit of the pooled age composition data from 2000-
2015) in Model 11, though agreed with values from Models 1 and 8-10.

6 7 8
1 Fixed Fixed Fixed 9 10 11
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Figure 2-13. Key age-specific estimates of the availability of pre-spawning herring to surveys.
The names of the estimated parameters as are color coded.

We also included BASA in which maturity is estimated for a single period (Model 9) to
investigate differences noted by Hulson et al. (2007), where they observed a change in the
residual patterns around 1997. A look at the residuals in age composition of the seine fishery
survey from Model 1 and Model 9 (Figure 2-14) do not reveal any stark changes in the residual
patterns between models, and thus the past justification for two periods of different maturity
values no longer seems valid. Additionally, there is no observable change in residuals before and
after 1997 in the model with one-period of estimated maturity.
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One-period maturity Two—period maturity
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MODELING IMPLICATIONS

Different maturity assumptions, whether fixing different maturity values, fitting different
aggregations of fish to survey data, or changing model structure, yielded negligible differences in
results compared to the current BASA model. BASA estimates currently used by management to
inform the status of PWS herring all show similarly low recent spawning biomass and similar
mean recruitment estimates. These negligible differences result even despite the incorporation of
the maturity information from seine samples, which BASA fits well. BASA also accurately
estimates age-specific availability compared to estimates from the preceding analysis on the raw
data. Furthermore, we find no basis for justifying the inclusion of two “maturity periods” in the
current BASA.

Maturity remains a key uncertainty in herring biology, and BASA in particular, although not a
major sensitivity. The true definition of “maturity” estimates in the current version of BASA
(Model 1) likely lies somewhere between availability, the percent of stock available to the
sampling gear (which differs between seine and cast nets, and likely fishery catches), and
biological maturity, the proportion of all fish in the entire population that is capable of spawning
at each age. Both availability and/or maturity are also likely time-varying as suggested by Table
2-4. Despite the lack of accurate information on maturity and availability, BASA still produces
stable estimates of biomass and recruitment. However, we have neither shown nor tested
maturity assumptions on forecasting or estimation of biological reference points, neither of
which is currently implemented in BASA or used by management. Moving forward, we
recommend that the base model should only estimate one set of maturity parameters that apply to
the entire time period, together with a small set of scenarios for maturity to conduct as sensitivity
tests of different assumptions about maturity and availability during pre-spawning. In other
words, the specific scenario we recommend as the base case is Model 9. Simplifying this
component of the model will improve model stability, in which further changes to BASA
(unpublished results) have resulted in estimation issues with these parameters (e.g.,
overparameterization). The model checks conducted here offer a simple framework for
investigating maturity uncertainty in future assessments.
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Abstract

The location and time of spawning plays a critical role in pelagic fish survival during early life
stages and can affect subsequent recruitment. Spawning patterns of Pacific herring (Clupea
pallasii) were examined in Prince William Sound (1973-2019) where the population
unexpectedly collapsed in 1993 and has failed to recover. As the population declined, spawning
contracted away from historically productive areas towards southeastern areas of the Sound, and
the proportion of occupied spawning habitat declined from 65% to <9%. Abrupt shifts in spawn
distribution preceded changes in biomass and were potentially influenced by spatial variations in
recruitment dynamics and local mortality. The median spawn date shifted earlier by 26 days in
eastern and 15 days in western areas of the Sound between 1980 and 2006, and then shifted later
by 25 (eastern) and 19 (western) days over a 7-year period. Spawn timing shifts coincided with
alternating temperature anomalies in the Gulf of Alaska and changes in population age structure.
Effects of contracted spawning areas and timing shifts on first-year survival and recruitment are
uncertain and require future investigation.

INTRODUCTION

The location and time of spawning plays a critical role in the survival of pelagic fish during early
life stages that subsequently affects recruitment. For herring (Clupea spp.), spatial differences
among spawning sites can influence embryo mortality rates (Rooper et al. 1999, Shelton et al.
2014, Keeling et al. 2017) and the transport and retention of larvae in nursery areas (Sinclair and
Tremblay 1984, Cowan and Shaw 2002). Temporal shifts in spawning can affect the duration of
egg and larval stages (Houde 2016), predation risk, and the availability of prey to larvae during
the critical early feeding period (Cushing 1990).

A typical Pacific herring (C. pallasii, hereafter herring) population will collectively spawn
batches of eggs over a period of days to months across numerous sites (Hay 1985), a strategy
which is adapted to increase opportunities for herring offspring to survive early life stages.
Although individual herring spawn once per season, staggered spawning across the entire
population in space and time has the effect of hedging against uncertainty in the timing and
location of optimal conditions for egg and larval survival (Lambert 1990). Spatial and temporal
diversity in spawning among metapopulations also buffers the larger population from abundance
fluctuations (i.e., the portfolio effect, Schindler et al. 2010)—herring spawning that is broadly
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distributed in space and time increases population resilience to annual to decadal perturbations in
their environment (Hay 1985, Lambert 1987, Siple and Francis 2016). Accordingly, changes in
the number or diversity of spawning sites, and temporal shifts in the onset or duration of
spawning may impact long-term productivity of herring populations (Ruzzante et al. 2006).

Spatial patterns of herring spawning are determined by population size and processes that affect
fidelity to spawning areas and dispersal to new locations (Ware and Schweigert 2001, Flostrand
et al. 2009). The persistence of spawning at known locations over a number of years indicates
conservation of migration patterns across generations, while variations from established
migration patterns indicates straying or diffusion that results in the colonization of new areas or
reoccupation of previously active locations (Petitgas et al. 2006). Young herring are
hypothesized to learn migration patterns by schooling with older, repeat spawners in the year
before they first spawn and follow them to spawning areas, thereby increasing the likelihood that
they acquire knowledge to return to the general spawning area in successive years (McQuinn
1997, Corten 2002, MacCall et al. 2018). If this hypothesis is true, variations in migration
patterns would occur if the social learning process is disrupted due to naive herring not mixing
with older fish, during stock collapse or when naive fish become the numerically dominant age
class following strong recruitment (Corten 2002, Huse et al. 2002, 2010). Unguided young
herring may also be more likely to stray from migration patterns due to increased sensitivity to
environmental conditions (Macdonald et al. 2018), thus expanding or shifting population
distribution. Large perturbations in the environment may also affect adult migration patterns
(Petitgas et al. 2006). Knowledge of spawning areas may be lost when a metapopulation
experiences high mortality due to natural processes (e.g., disease outbreak, localized predation)
or anthropogenic effects (e.g., local depletion by a fishery, contamination from an oil spill),
lowering the diversity and number of spawning sites and reducing reproductive success.

In the Northeast Pacific, interannual variations in herring spawn timing have been primarily
attributed to population demographics and temperature (Hay 1985, Ware and Tanasichuk 1989).
Gonad maturation rate is determined by fish weight and daily temperature (Ware and Tanasichuk
1989), resulting in earlier spawning by larger fish and during warmer years. In populations
comprising multiple age cohorts, spawning may be staggered in discrete waves with older fish
spawning earlier than younger fish (Hay 1985, Ware and Tanasichuk 1989). If the age
composition of a population is dominated by one cohort or truncated by fishing (e.g., Barnett et
al. 2017), the duration of spawning is likely to be shortened. State-dependent life-history
modeling also suggests that variations in food availability to adult fish may result in shifts in
spawn timing to optimize their own fitness at the expense of their offspring (Ljungstrom et al.
2018).

We examined changes in spawning patterns in a once-thriving herring population in Prince
William Sound, Alaska. Herring are a key forage species in this ecosystem, and have supported
commercial fisheries for more than a century (Muradian et al. 2017). The population collapsed in
1993 (Quinn et al. 2001), shortly after the 1989 Exxon Valdez oil spill, and has yet to recover to
pre-collapse biomass levels (Figure 3-1). There is uncertainty as to the causes of the initial
population collapse and subsequent lack of recovery, with hypotheses including poor nutrition
(Pearson et al. 1999, 2012), disease (Rice and Carls 2007, Hulson et al. 2008), and the combined
effects of the oil spill and overexploitation by the fishery (Thorne and Thomas 2008). Continued
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low population size and poor recruitment have been attributed to repeating disease cycles (Rice
and Carls 2007), shifts in environmental conditions (Pearson et al. 2012, Ward et al. 2017),
humpback whale (Megaptera novaeangliae) predation (Pearson et al. 2012), competition with
hatchery-released pink salmon (Oncorhynchus gorbuscha) (Deriso et al. 2008, Pearson et al.
2012), and cardiac abnormalities resulting from trace exposure to lingering oil (Incardona et al.
2015). Since the collapse, no recruitment events have come close to the magnitude of the 1980,
1981, 1984, and 1988 birth years (Muradian et al. 2017), and there have only been two cohorts of
moderate size (1999, 2016 birth years) in the past 30 years (J. Trochta pers. comm.), creating
uncertainty as to which conditions are required for recovery.

200

50

Biomass (thousand tons)
o
o
|
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1880 1990 2000 2010
Year

Figure 3-1. Estimated median herring spawning biomass (solid line) and 95% confidence
interval (shaded area) for the Prince William Sound management area from 1980 to 2017 (J.
Trochta per. comm. 16 May 2019).

The match-mismatch hypothesis (Cushing 1990) and portfolio effect (Schindler et al. 2010)
highlight the critical influence that spawn timing and location, and diversity of spawning areas,
have on herring reproductive success. We used a 47-yr time series of herring spawning
distributions in Prince William Sound from aerial survey data to examine 1) decadal and
interannual shifts in the distribution of spawn locations; 2) interannual shifts in spawn timing;
and 3) the spatial structure of spawning areas based on spawn timing trends. We related changes
in spawning distributions to changes in population size, spatial shifts in recruitment patterns,
local exploitation by the fishery, and the distribution of oiled shoreline to assess whether
variations in spawning contributed to the population collapse or to its anomalously long lack of
recovery (Trochta et al. 2020).
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METHODS

DATA COLLECTION

Observations of active herring spawning were collected during aerial surveys conducted by the
Alaska Department of Fish and Game (ADF&G) in the Prince William Sound management area
from 1973 to 2019. Active herring spawn was quantified based on the length of milt clouds along
the coastline. The ADF&G aerial survey is a non-random survey that attempts to account for all
spawning within the Sound. Weather, time, and funding constraints preclude implementation of a
randomized or complete survey design, therefore flight plans are based on the most recent
information of where herring schools and spawning aggregations are most likely to be located
from numerous sources that include fish and marine mammal distributions from the prior day,
reports from boats on the Sound, and observations from non-survey flight traffic.

Active herring spawn is measured as the total length of milt clouds along the coastline per day
(mile-days of milt [MDM]) following Shepherd and Haught (2019). Mile-days of milt is a key
index of relative abundance in the stock assessment for Prince William Sound herring (Muradian
et al. 2017). Aerial surveys are flown between late-March and mid-May (Table Al in Appendix
A). At the start of each spawning season, scheduled surveys are flown once or twice per week,
and then flown more frequently (up to twice a day) when spawning or pre-spawning
aggregations are observed. Surveys end when there is no observed spawning or anecdotal reports
of spawning in the Sound. Surveys are flown along the coastline at approximately 460 m (1500
ft) altitude for up to 5 hours, covering ~800 km (~500 mi) per survey.

Survey coverage has changed over the study period. Prior to 1981, coverage was primarily in the
northern and eastern Sound from Glacier Island and lower Valdez Arm to Port Gravina, and the
southern Sound along the northern coasts of Hawkins and Hinchinbrook islands and Northeast
Montague Island (Figure 3-2, Figure Al in Appendix A). In the 1980s, surveys were expanded to
the northern Sound west of Glacier Island to Esther Island, and in the western Sound to include
Knight, Naked, and Perry islands. In 2007, additional surveys were flown infrequently over
Kayak Island.

Prior to 2008, most surveys were conducted by a pilot and one observer who photographed and
recorded spawn observations on paper maps (Brady 1987). Since 2008, an additional observer
has been added and spawn observations are digitally recorded as polylines using Esri ArcPad
(Esri Inc., Redlands, CA) with a Bluetooth GPS for georeferencing (Shepherd and Haught 2019).
Post-processing of digital data uses photographs and video to refine the mile-days of milt data in
ArcGIS (Esri Inc., Redlands, CA). Observations originally recorded on paper maps were
digitized as polylines in ArcGIS (Bochenek 2010). Survey effort was converted to polygons from
historical logbooks (1973—1999) or as polylines for the later georeferenced flight paths (1997—
2019). Processed spawn and survey effort data (1973-2018) are publicly available through the
Alaska Ocean Observing System (https://portal.aoos.org, Bochenek 2010; Haught and Moffitt
2018), and were combined for this study with survey data from 2019.
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Figure 3-2. Prince William Sound management area. The red box within the inset map of the
Northeast Pacific outlines the study area. Key bathymetric (blue text) and geographic (black
text) features mentioned in text are labeled.

SPATIAL ANALYSIS

Survey coverage and spawning data were partitioned into 10 x 10 km grid cells. ArcGIS Survey
coverage and spawning data were partitioned into 10x10 km grid cells (Figure 3-3). ArcGIS
polylines and polygons that occurred in two or more grid cells were split into segments at the
borders of each cell. Polyline segments for mile-days of milt were assigned values equivalent to
the length of the segment within the grid cell. Grid cells were assigned binary values for survey
coverage (0 =no coverage, 1 = coverage) based on coverage polygon or polyline segments. Grid
cells were grouped into regions (Figure 3-3) based on ADF&G herring districts within the Prince
William Sound management area (e.g., Russell et al. 2017): Montague Island, Naked Island,
North Shore, Northeast Shore, Southeast Shore, and Kayak Island.

3-5
HRM Synthesis Report March 10, 2021



-148° -146° -144°
| | |

North Shore | 4,

°— 64 6547 48 49 -
61 60 6162 63laa 45 26 NOrtheast Shore

5556 57 5859 [3940 414243
5354 72 37 38|35 36
52| 71 29303132 3334
69 70 27 28

Naked IsI666768 e Southeast Shore
1617 1819 [22 23
10 11 12 13 14 15[20 21
567829

Montague Is|.4 Kayak Isl.
23 7576 =

1 7374
Gulf of Alaska _l_,_

! ! 1 !

60°

Figure 3-3. Boundaries for Prince William Sound regions and the Gulf of Alaska adapted from
Appendix G4. in Russell et al. (2017). Numbered 10x10 km grid cells indicate areas within
each region where herring spawning was observed between 1973 and 2019.

Spatial patterns of herring spawning were characterized at decadal and interannual scales across
Prince William Sound and by region from 1973 to 2019. To examine decadal spatial patterns,
MDM were summed within each grid cell by decade and plotted by decade as quantiles of all
years combined in 10% increments. To examine interannual spatial patterns, MDM values were
summed within each grid cell by year from 1973 to 2019. Quantiles for annual MDM values
were calculated in 20% increments for all years combined and plotted as heat maps by year and
grid cell. Grid cells with positive survey coverage values for each year were identified in the heat
map to indicate interannual changes in the survey domain. To show interannual spatial variations
in cumulative spawn, MDM values were summed across grid cells within each region by year.

To quantify interannual changes in how evenly distributed spawning was across Prince William
Sound, we used an index of spatial dispersion (Payne et al. 2005) adapted from Pielou’s (1966)
species evenness index, based in turn on Shannon’s species diversity index (Shannon and
Weaver 1949):

_i pj,t ln(pj,t)
3-1) D, =—=
In(s)

where pj; is the proportion of total spawn (MDM) in each grid cell j in year ¢, and s is the total
number of grid cells in which active spawning was observed within Prince William Sound in any
year between 1980 and 2019. Observations from the 1970s and Kayak Island were not used to
calculate the dispersion index due to gaps in survey coverage. Index values D, range from 0 (all
spawning in one grid cell) to 1 (evenly distributed across all grid cells). Although not all grid
cells were surveyed each year, under this approach we assume that all grid cells were either
directly sampled by the survey or indirectly via other methods (e.g., anecdotal reports from other
aircraft or vessels) each year. Given that the ADF&G aerial survey is a non-random survey that
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attempts to conduct a total count of all spawning within Prince William Sound, anecdotal reports
of the presence of pre-spawning herring aggregations or spawn events would typically have
resulted in surveys being conducted in such areas. It is not known what proportion of total spawn
remains unobserved each year, the dispersion index is assumed to be sufficiently robust to
quantify relative changes in evenness given the high proportion of sites (> 50%) that are sampled
each year (Payne et al. 2005).

To assess if shifts in spawning distributions correspond with spatial changes in population
demographics and recruitment patterns, age composition data were summarized within each
region and compared to spawning spatial patterns. Herring age data have been collected from
catches and fishery-independent surveys since the 1970s (Shepherd and Haught 2019), and are
used in the stock assessment (Muradian et al. 2017). Age composition data were summarized for
herring two years and older by region from 1980 to 2019 using commercial catch and survey
samples collected by purse seine or cast net. We compared age compositions among the regions
by year to determine if there were spatial differences in recruitment patterns of the seven largest
cohorts—those with >220 million age-3 recruits (Exxon Valdez Oil Spill Trustee Council 2010,
Muradian et al. 2017). We assessed whether regional differences in age structure coincided with
changes in spawning distributions.

Commercial catch data were also summarized by region to assess whether high local exploitation
(>20%) rates preceded sharp declines in spawning. This threshold was based on the maximum
management target rate of 20% harvest for spawning biomass (Prince William Sound Herring
Management Plan, 5 AAC 27.365(b)). Fish ticket records (ADF&G 2019a, b) for the purse seine
and gillnet sac-roe fisheries and the spawn-on-kelp pound fishery were summarized within each
region from 1980 to 1999, the last year in which commercial fishing occurred. Landings from the
sac-roe fisheries were reported in total whole fish weight (7) while the pound fishery, in which
herring were impounded to produce spawn-on-kelp, reported the spawn-on-kelp product weight
(7). Exploitation by the pound fishery was assessed by estimating the weight of utilized herring
biomass based on the assumption that 1 t of product would result in the mortality of 12.5 t of
herring due to impoundment stress (Morstad et al. 1992). The location of fishing associated with
each fish ticket i was cross-referenced with sample locations from the age database and ADF&G
annual management area reports to verify that commercial catches were accurately tallied within
each region. The exploitation rate (ER) of the commercial fishery in year ¢ within each region n
was calculated as:

S
Z hi,n,t
i=1

"~ MDM
——ni . SSB,
MDM

t

(3-2) ER

i.e., the sum of commercial landings from the three fisheries / divided by estimated spawning
stock biomass (SSB) from the stock assessment. SSB was allocated to regions by assuming that
MDM in each region is proportional to SSB in each region (see Figure 3-3).
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Age composition and commercial catches were pooled for North Shore and Naked Island due to
low sample sizes and uncertainty in the location of some reported catches.

Spawning patterns were also examined relative to the distribution of shoreline impacted by the
Exxon Valdez oil spill. Spawn distributions were summarized into four periods: the decade prior
to the spill (1980-1988); the year of the spill (1989); the three-year period following the spill that
preceded the collapse of the herring population (1990-1992); and the post-collapse period (1993-
2019). Shoreline oiling data are from surveys conducted in the summer and fall 1989 and spring
1990 that assessed coastline as being ‘very lightly’ to ‘heavily’ impacted by the spill and cleanup
(Alaska Department of Natural Resources 1996a, b).

TEMPORAL ANALYSIS

Interannual variation in spawn timing was examined across Prince William Sound and by region
from 1980 to 2019, excluding observations from the 1970s and Kayak Island due to survey
coverage gaps in space and time. Mile-days of milt values were summed within each region by
day of year (DOY) and year. Spawn timing was defined as the day of the year when 50% of total
MDM for that year had been observed, corresponding to peak spawning activity in most years
(Figure A2 in Appendix A).

To quantify shifts in spawn timing for Prince William Sound herring, multivariate autoregressive
state-space (MARSS) models were fit to time series of spawn timing for each region. The
MARSS framework includes separate observation and process models, to partition total variance
between observation error (i.e., sampling error) and process error (i.e., environmental
perturbations) (Holmes et al. 2012), to estimate the underlying process that represents true spawn
timing from multiple time series while accounting for missing values, autocorrelation among
samples, and sampling error associated with aerial surveys that are unique to each series due to
local factors (e.g., weather, topography). The MARSS models can also be used to infer spatial
structure of spawning areas to find regional differences in spawn timing using Akaike’s
Information Criterion (AIC) model selection (e.g., Ward et al. 2010, Holmes et al. 2014, Siple
and Francis 2016).

The MARSS process model took one of two different matrix forms:
(3-3a) x, =Bx,_, +w,, where w, ~ MVN(0,Q)
(3-3b) X, =X, , +u+w,, where w, ~ MVN(0,Q).

Equation 3-3a is a mean-reverting stationary process, where the m X 1 vector x; represents true
spawn timing for spawning area m in year ¢, B is an m X m matrix representing the strength of
the autoregressive process for each state along the diagonal and zeroes elsewhere, and w; is an m
x 1 vector of process errors drawn from a multivariate normal distribution (MVN) with mean
vector 0 and variance-covariance matrix Q. Equation 3-3b is a biased (non-stationary) random
walk where u is an m x 1 vector that represents an upward or downward bias in the random walk.
We examined three process variance assumptions: 1) not correlated among the trajectories with
equal variances (same ¢ value on the diagonal and zeroes elsewhere); 2) not correlated with
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unequal variances (unique ¢ values on the diagonal and zeroes elsewhere); or 3) correlated with
equal variances (same g value on the diagonal and the same g value elsewhere).

Our MARSS observation model was:

(3-4) y, =Zx, +v,, where v, ~ MVN(0,R),

where y; is an n x 1 vector of the observed spawn timing in region » in year ¢, Z. is an n X m
matrix containing Os and Is that maps each time series of observed spawn timing onto an
associated true spawn timing X; for each spawning area, and v, is an m X 1 vector of observation
errors for each time series drawn from a multivariate normal distribution with mean vector 0 and
variance-covariance matrix R. Given regional differences in weather conditions, topography, and
currents that may affect aerial survey sampling efficiency, we assumed that sampling errors have
unequal observation variances (i.e., unique 7, along the diagonal of R) and are not correlated
among time series (i.e., 0s in the off-diagonals of R).

To assess spatial differences in spawn timing, we evaluated 14 spawning area configurations
among the five regions. Each model was modified to associate one or more of the observed time
series with a corresponding process in x;. For example, when m = 1, data from all regions are
treated as observations of a single spawning area; when m = 5, each region is modeled
independently. For each of the configurations, we fit nine models in which the parameterization
of Q was changed to test the three process error assumptions for three model structures: unbiased
random walk (Eq. 3-3a, B fixed at 1), biased random walk (Eq. 3-3b), and stationary
autoregressive process (Eq. 3-3a, B estimated). Models were fit in R 3.4.3 (http:/www.R-
project.org; R Core Development Team 2020) using the ‘MARSS’ package version 3.10.10
(Holmes et al. 2018). Maximum likelihood estimates for parameters were obtained using the
expectation-maximization algorithm (Holmes 2013).

We evaluated all 126 models for convergence, and used residual scatterplots and autocorrelation
function plots to verify that residuals were normally distributed and not autocorrelated in time.
Model fit was assessed using AIC for small sample size (AICc), with the most parsimonious
models having the lowest AICc value (Burnham and Anderson 2002). Models with AAICc <2
were considered statistically similar (Burnham and Anderson 2002).

RESULTS

SPATIAL PATTERNS

The ADF&G aerial survey coverage expanded and contracted over the 47-year study period. In
the 1970s, survey coverage was primarily focused in the Northeast Shore region (11.6 days
sampled per year vs. <4 d y'! in other regions) (Table 3-1). Coverage expanded across Prince
William Sound in the early 1980s (Table Al in Appendix A), with flights occurring over all
regions within the Sound on more than 50% of the days sampled per year (Table 3-1), peaking at
30 d yr'! at the peak of population size (Figure 3-1). Survey effort declined to 21 d yr'! in the
1990s and 12 d yr'! in the 2000s, reaching a low of 6 d sampled in 2004, and then increased to 17
d yr! in the 2010s. Survey coverage in the 1990s and 2000s remained above 40% of total days
sampled for all regions in the Sound combined, except in 1995, 1996, 1999, and 2000 (Table A1l
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in Appendix A). In the 2010s, all regions in the Sound were covered each year but sampling

effort was concentrated over Southeast Shore and Northeast Shore while effort over the other
regions was more variable. Kayak Island was not surveyed until 2007, except for one flight in
1982, and was since sampled every year for 1 to 3 d, except in 2010 and 2016 when no flights

were conducted.

There have been pronounced decadal shifts in the distribution of herring spawning within PWS.
In the 1970s, spawning was concentrated in the Northeast Shore region, and to a lesser extent in
the Montague Island and Southeast Shore regions (Figure 3-3, Figure 3-4). This pattern largely
reflects the survey’s unbalanced coverage of all PWS regions during this period (Table 3-1,
Figure 3-4A). Throughout the 1980s, spawning was widely distributed across all regions within
PWS (Figure 3-3). The total cumulative spawn for all regions increased from 68.9 (SD 20.7)
mile-days of milt yr'! in the 1970s (Table 3-2) to a peak of 271.0 mile-days of milt in 1988
(Figure 3-4B). Following brief increases in spawning in the Southeast Shore and Montague

Island regions in 1979-81, a sustained increase in spawning was first evident in the North Shore
and Naked Island regions during the early 1980s, followed by increases in the Montague Island
and Northeast Shore regions a few years later (Figure 3-4B). Sharp declines in spawning in the
North Shore and Naked Island regions in 1990 and the Northeast Shore region in 1991 (Figure
3-4B) preceded the population’s collapse in 1993 (Figure 3-1). In contrast, there was little
change in spawn activity in the Southeast Shore region during the population’s expansion, with
this area accounting for less than 10% of the annual total spawn in all but one year (1984) prior
to the population’s collapse in 1993 (Figure 3-4).

Table 3-1. Number of days of survey coverage (mean d y"' X, and standard deviation, SD)

summarized by decade and region within Prince William Sound. —’ indicates no survey
coverage.
All Montague Southeast Northeast  North Naked Kayak
Decade regions Island Shore Shore Shore Island Island
x SO x SO x SD x SD x SD x SD x SD
1970s 13.6 24 36 1.8 33 36 119 34 37 28 - - - -
1980s 302 6.2 193 50 198 59 264 65 206 63 158 99 0.1 03
1990s 209 53 17.8 53 157 47 17.1 6.0 133 86 125 83 - -
2000s 11.7 3.1 86 23 11.1 25 97 22 55 16 64 25 0.7 12
2010s 16.8 33 86 41 163 32 146 33 40 21 53 34 17 12

There have been pronounced decadal shifts in the distribution of herring spawning within Prince
William Sound. Spawning was concentrated in the northeastern regions of the Sound and then
expanded throughout before contracting to a much smaller portion of spawning area in the
southeastern portions of the Sound. Spawning was primarily concentrated in the Northeast Shore
and Montague Island regions in the 1970s—although this pattern may be biased due to
unbalanced survey coverage—then expanded to all regions as the total cumulative spawn
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increased in the 1980s, before contracting towards Southeast Shore as spawning declined sharply
in 1990s and remained low throughout the 2010s (Figure 3-4, Table 3-2). Expansion of spawning
distributions was first evident along North Shore and Naked Island during the early 1980s,
followed by increases along Montague Island and Northeast Shore a few years later (Figure 3-5).
Sharp declines in spawning along North Shore and Naked Island in 1990, and Northeast Shore in
1991, preceded the population’s collapse in 1993 (Figure 3-1). Following the collapse, spawning
effectively ceased along North Shore and Naked Island, with only intermittent spawn events in
the 1990s and 2000s, while spawning remained low along Northeast Shore through 2010 as
spawning within the region contracted southward. Following a brief increase in spawning during
2010-2012, activity along Northeast Shore declined to its lowest levels. Throughout the 1990s,
Montague Island usually accounted for at least half of total spawn but spawning there has
steadily declined since 1999 (Figure 3-5), and was absent in both Northeast Shore and Montague
Island between 2016 and 2018. In contrast to the other regions within the Sound, spawning along
Southeast Shore increased in the mid-1990s (Figure 3-5B) and has accounted for the highest
annual total spawn among the regions for the past two decades (Table 3-2).

Table 3-2. Total spawn (mean mile-days of milt year!, X, and standard deviation, SD)
summarized by decade and region within the Prince William Sound management area (note,
the Kayak Island region is not shown due to inconsistent sampling). -’ indicates spatially
limited or no survey coverage.

All Montague Southeast Northeast North Naked
Decade regions Island Shore Shore Shore Island

X SD X SD X SD X SD X SD X SD
1970s 68.9 20.7 6.2 7.1 55 13.8 56.6 150 - - - -
1980s 151.5 62.0 32.6 272 84 75 565 29.1 404 31.6 129 13
1990s 66.1 442 32.0 152 8.1 63 21.6 266 3.7 87 0.6 1.4
2000s 267 72 69 40 11.7 6.1 55 3.1 1.2 22 04 07
2010s 429 271 1.7 28 245 192 109 142 00 0.0 0.0 0.0
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Figure 3-4. Distribution of spawning and extent of survey coverage from 1973 to 2019 by
decade. Spawn patterns are represented as quantiles of mile-days of milt summed within each
10x10 km grid cell by decade (plots A-E). Spawn patterns in the 1970s may be biased due to
spatial and temporal gaps in coverage.
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Figure 3-5. Distribution of spawning from 1973 to 2019 by year. Spawn patterns are represented
as (A) quantiles of mile-days of milt (MDM) by 1010 km grid cell and year (note, quantiles
were calculated across all years), and as (B) cumulative spawn within each region (MI =
Montague Island; SE = Southeast Shore; NE = Northeast Shore; NS = North Shore; NI =
Naked Island; KI = Kayak Island). Grid cell numbers (1-76) correspond with cell locations
identified in Figure 3-3. Gray dots indicate the extent of survey coverage (i.e. grid cells with
no observed spawning).

Herring consistently used at least half of the historical spawning habitat throughout Prince
William Sound until the 2010s, after which spawning distributions contracted to less than a third
of the available habitat as population biomass continued to decline to its lowest levels. Between
1980 and 2009, the dispersion index averaged 0.54 + 0.07 (£ 1 SD), ranging from a peak of 0.65
in 1984 to a low of 0.35 in 1994, and did not differ in the periods before and after population
collapse: 0.55 £ 0.06 in 1980-1993 vs. 0.54 = 0.06 in 1995-2009 (Figure 3-6). Thus, spatial
increases in spawning along Southeast Shore in the 1990s and 2000s offset declines in other
regions (Figure 3-4, Figure 3-5). However, since 2010, dispersion index values have declined
sharply to 0.34 £+ 0.13 as spawning contracted towards Southeast Shore, and reached an all-time
low 0f 0.09 in 2018 (Figure 3-6) with the most recent decline in spawning biomass (Figure 3-1).
These results are not due to changes in survey coverage, which has been similar in the 2010s
(70% of grid cells) to that during the period 1995-2009 (72%) (Figure 3-6). Thus, herring have
largely abandoned the primary spawning areas used during the 1980s and active areas are
currently concentrated along the Southeast Shore.
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Figure 3-6. Spawning area dispersion index over time. Values of D range from 0 (highly
aggregated) to 1 (evenly distributed). Survey coverage is represented by the proportion of
grid cells sampled each year among the 72 cells in which spawning had occurred since 1980.

Large year classes appeared to influence spawning distributions. The rapid increase in population
size during the 1980s (Figure 3-1) was driven by the large 1976, 1980, 1981, and 1984 cohorts
(identified by birth year) (Figure 3-7). The total amount of spawn declined rapidly in the early
1990s as these year classes aged out of the population. Prior to their collapse, the 1988 cohort
was the last strong year class to recruit to the spawning population.
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Figure 3-7. Herring age compositions by region and year from 1980 to 2019. Large cohorts (>
200 million age-0 recruits) are highlighted in color by birth year. The absence of a plot
indicates no age data were collected from that region and year.
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Unlike spatial patterns of spawning, there were minimal spatial differences in the age structure of
herring in most years (Figure 3-7). The seven largest cohorts typically accounted for a similar
proportion of the age composition within each region. During the 40-year study period, regional
differences in age structure were only apparent in 1987, 1991, 1994, 2001, 2007, and 2008.
Among these years, only in 1991 did spatial differences in age structure coincide with notable
changes in spawning distributions. Age-3 fish from the 1988 cohort became the dominant year
class for spawning aggregations in the Montague Island region in 1991 while the 1984 cohort
remained the dominant year class in North Shore, Naked Island, and Northeast Shore. This
coincided with sharp declines in spawning from prior years in the northern regions, while total
spawn remained relatively stable along Montague Island but proportionally increased from a
two-year average of 25% for all regions to 51% (Figure 3-8). As the 1988 cohort established
itself as the dominant year class across the Sound in the following years (Figure 3-7), spawning
effectively ceased along North Shore and Naked Island while briefly stabilizing along Northeast
Shore before a two-decade period of low spawning activity (Figure 3-8). In contrast, spawning
along Montague Island fluctuated but remained the most active region through 1998, during
which the 1988 cohort remained numerically dominant until 1996. With no strong year classes
producing large increases in biomass following the 1988 cohort (Figure 3-1), spawning declined
to consistently low levels along Montague Island by 2000 while spawning along Southeast Shore
increased, largely due to the 1999 cohort.

The effect of high local exploitation by the fishery on spawning distributions is unclear (Figure
3-8). In the 1980s, herring were primarily harvested in North Shore, Naked Island, and Montague
Island. While herring was spatially managed as a single population in the Prince William Sound
management area, with total allowable catch allocated to multiple fisheries based on gear type
and product, harvest was mostly taken in only one or two regions each year. As a result, local
exploitation rates often exceeded the management target rate of 0.2 in regions where the purse
seiners harvested more than 500 mt (3 of 7 years in North Shore—Naked Island, 2 of 3 years in
Northeast Shore, 5 of 8 years in Montague Island, and 1 of 2 years in Southeast Shore). Overall
exploitation rates for Prince William Sound remained below 0.2 in all years except 1981,
although it should be noted that the target exploitation rate was lowered to 0.15 in 1997 and
1998. Spawning remained stable or increased in most years immediately following one year of
high local exploitation. However, spawning within a region declined sharply whenever high local
exploitation occurred in back-to-back years, including in Northeast Shore (1991-92) and
Montague Island (1980-81, 1997-98), and remained relatively low for a decade or longer within
these regions in the absence of recruitment from strong cohorts (Figure 3-7). Extended periods of
little to no spawning also followed a single year of high exploitation in Southeast Shore (1981)
and in Naked Island (1992).

Spawn patterns do not appear to be related to the distribution of shoreline impacted by the oil
spill. Immediately following the spill, herring spawned in impacted areas around Naked Island
and Montague Island (Figure A3 in Appendix A). Prior to the population collapse, sharp declines
in spawning primarily occurred in regions that were not oiled (North Shore, Northeast Shore),
while spawning fluctuated but remained relatively active near oiled areas along Montague Island
throughout most of the 1990s (Figure 3-5, Figure 3-8).
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Figure 3-8. Time series of (A) estimated herring spawning stock biomass (mt) from 1980 to 2019
within each region (note the North Shore and Naked Island regions are combined) showing
the portion of the biomass estimate that was harvested by purse seine sac-roe, gillnet sac-roe,
and pound spawn-on-kelp fisheries from 1980 to 1999, and (B) Total survey-observed spawn
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(mile-days of milt) and exploitation rate for all fisheries combined within each region (note,
data are on separate axes).

TEMPORAL PATTERNS

Herring spawn timing was highly variable within Prince William Sound from 1980 to 2019

(Figure 3-9).
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Figure 3-9. Distribution of spawn timing (day-of-year, DOY) from 1980 to 2019 by (A-E) region
and (F) for all regions within Prince William Sound (PWS) combined. Daily spawn total is
scaled by total mile-days of milt observed within each region. Each plot shows a time series
of the median spawn date, and the mean spawn dates across all years. Survey coverage
indicates days in which no spawning was observed within the region during the survey.
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The duration of the spawning season ranged from 4 d (2016) to 59 d (1986), being first observed
on dates as variable as 1 March in 2003 and 26 April in 1982, and last observed on dates ranging
from 15 April (2005, 2011) to 21 May (1983, 2007). Over all regions, the mean date of peak
spawning (£ SE, when 50% of cumulative total spawn was observed) was 17 April (DOY 107 +
1.2 d) and was earliest in Southeast Shore (12 April, 101.5 = 1.4 d), and mostly progressed
counter-clockwise from Northeast Shore (16 April, 106.3 + 1.4 d), to North Shore (21 April,
110.9 + 2.4 d), Naked Island (24 April, 113.8 = 2.3 d), and Montague Island (23 April, 113.2 +
1.3 d).

The two best-supported MARSS models (Z> and Z3; Table 3-3) round regional differences in
spawn timing.

The Z> model suggests separate spawn timing trajectories (i.e., X,) for the western Shore
(Montague Island, Naked Island, and North Shore regions) and the eastern Shore (Southeast
Shore, Northeast Shore regions), while the Zi3 model further subdivided the eastern Shore
trajectories by region (Table 3-3). Both models had correlated process errors with equal
variances and estimated a stationary autoregressive process. Diagnostic plots found
autocorrelated residuals for all MARSS models in which process errors were independent of
other states (with either equal or unique variances) and were therefore rejected. AICc values for
all random walk models (B fixed at 1) were consistently higher than corresponding models that
estimated B (Table 3-3).

There is greater interannual variation in spawn timing along the western Shore (Z»: bx1 =0.25;

VAER b,‘1 = 0.27) than the eastern Shore (Z: sz =0.68; Z13: sz =0.61, b,(3 =0.79) (Table 3-4). These

regional differences in spawn timing trajectories are most apparent between 1980 and 2006 when
a shift to earlier spawning occurred at different rates along the eastern and western Shores
(Figure 3-10).

During this 27-year period, spawn timing in the eastern Shore shifted earlier by 26 (Z> model) to
30 d (Z13 model, Northeast Shore), while spawn timing was more variable in the western Shore
and shifted earlier by 15 d in both models. Between 2006 and 2013, both models estimated that
spawn timing shifted later by 23-26 d in the eastern Shore and 19 d in the western Shore,
returning to the long-term mean spawn time in 2018 (Figure 3-10).
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Table 3-3. Model performance based on Akaike information criterion corrected for small sample
size (AICc). The Z matrix for each spawning area configuration (numbered Z; to Z14)
indicates corresponding states (x1-5) among the region time series in western or eastern
Prince William Sound (W. PWS, E. PWS): MI = Montague Island; NS = North Shore; NI =
Naked Island; SE = Southeast Shore; NE = Northeast Shore. Results for three model
structures are shown for each Z matrix, including AAICc values that are relative to the best
model (AICc), and the number of parameters (k).

Q = equal var. and cov.

Spawning area state(s) (Xm) B=1 B = unique
W.PWS E. PWS u = zero u = unique u = zero

Num MI NS NI SE NE AAIC. &k AAIC. &k AAIC:. &k
Z, 1 1 1 1 1 15.0 7 173 8 11.2 8
7 1 1 1 2 2 10,6 9 9.1 11 0.0 11
Z; 1 2 1 2 2 162 9 14.6 11 82 11
y 2 1 2 2 1 1 185 9 17.7 11 11.6 11
Zs 1 2 2 1 2 19.7 9 24.0 11 173 11
Zs 1 2 1 1 2 19.7 9 229 11 153 11
77 1 2 2 2 2 183 9 174 11 10.1 11
Zs 1 1 1 2 1 19.7 9 20.6 11 9.6 11
Zo 1 1 1 1 2 179 9 20.0 11 93 11
Zio 1 2 1 3 2 21.2 10 193 13 99 13
7 1 2 2 1 3 21.6 10 203 13 10.0 13
YAV 1 2 2 3 2 22.3 10 215 13 - 13
73 1 1 1 2 3 16.4 10 14.0 13 09 13
74 1 2 3 4 5 254 12 205 17 7.0 17

Note: Process errors (Q) were estimated with equal variances that were correlated (equal var. and cov.). The diagonal of the B
matrix was set to 1 (i.e., random walk) or estimated for each state (unique). Bias (u) was either set to zero or estimated for

each of the random walk models (unique). Bold AAIC. values indicate the three models shown in Figure 3-10. <=
indicates a model that did not converge.
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Table 3-4. Parameter estimates (Est) and standard errors (SE) for models in bold in Table 3-3
identified by their respective Z matrix configuration.

Model form

Coefficient VA V) VAR
Observation variance (R)

Est SE Est SE Est SE
™I 41.72  11.71 28.53 10.12 31.97 10.03
T'SE 45.79  12.26 41.55 11.68 3831 119
INE 36.58 10.49 27.02 8.8l 2551 9.14
NS 111.36 38.21 79.75  28.42 84.02 29.39
NI 32.82  16.13 29.55 1546 30.05 15.14
AR strength (B)
b, 0.59 0.19 0.25 0.24 0.27 0.25
b, 0.68 0.12 0.61 0.13
b, 0.79 0.09
Process variance-covariance (Q)
iag 1536  7.08 20.88 7.7 18.51 7.38
Coftding 17.99 7.08 17.51 6.5
Estimated state value x; at time 0
1, 9.79 9.5 -31.53 42.25 -30.25 40.17
s 16.59 945 28.57 14.13
u, 9.28 7.65
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Figure 3-10. Estimated time series of spawn timing (xm, solid line) based on MARSS models in
bold in Table 3-3 (shaded area indicates the 95% confidence interval). Time series are
centered by their mean for all years (dashed line) to indicate earlier (-) and later (+) median
spawn date. Results for each model are shown by column (labels indicate the model’s
respective Z matrix). Rows within columns indicate the different regional groupings with
unique spawning area configurations that correspond with shaded areas in map (top row).
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The advantage of estimating separate spawn timing states for the eastern and western Shore is
apparent when contrasted with the simplest model that estimated one state for all regions (Z1).
The one-state model shows similar shifts in spawn timing in 2006 and 2013, but obscures east-
west differences in the rate of change and interannual variability and had higher observation
variances for all-time series than in the Z, and Z3 models (Table 3-4).

DISCUSSION

SPATIAL PATTERNS

Herring no longer return to the primary spawning areas in Prince William Sound that were used
during a 26-year period when the population reached peak biomass over the past half century.
Between 1973 and 1998, during which the population increased from relatively low levels in the
1970s to peak biomass in the late-1980s before collapsing in the early-1990s, nearly all major
spawning events and catches by the sac-roe and spawn-on-kelp fisheries in either Montague
Island, Northeast Shore, or North Shore (Funk and Sandone 1990, Muradian et al. 2017). Major
declines in spawn activity occurred before the 1993 population collapse in North Shore and
Northeast Shore, areas that were not directly impacted by the oil spill, and again before more
recent abundance declines in the late-1990s and early-2010s along Montague Island. After the
collapse, contraction of spawning distributions and increased fidelity to general spawning areas
would be expected due to relaxation of density dependent processes as a population declines
(Ware and Schweigert 2001), yet spawning did not contract towards these historically productive
regions. Instead, spawning shifted towards the Southeast Shore, where spawning and fishing
activity were low prior to 1998, except in 1979-81. While decadal patterns of spawning depict
this as a gradual change in distributions, abrupt shifts in interannual patterns during the early-
and late-1990s appear to be largely responsible for the long-term contraction to Southeast Shore.
These events may have been influenced by recruitment dynamics and increases in local mortality
that impacted spawning biomass and dispersal to other spawning areas.

Major shifts in spawning distributions coincided with spatial variations in recruitment that
potentially impacted hypothesized social learning of migration patterns by new recruits. In the
early 1980s, spawning expanded to western areas of North Shore and Naked Island prior to
influxes of new recruits from three strong cohorts (1980, 1981, and 1984) that drove the rapid
increase in population size. Throughout the 1980s, recruitment from these cohorts was widely
distributed among spawning areas in most regions, and large spawn events occurred annually in
at least three regions. In contrast, age-3 recruits from the last strong cohort (1988) primarily
spawned along Montague Island in 1991 and not in the northern regions where spawning had
declined sharply that year or in the previous year. Spawning was not observed in North Shore the
following five years but increased along Montague Island and Northeast Shore where the 1988
cohort was the dominant age class. Diver egg surveys indicated the shift in biomass to Montague
Island in 1991 was more pronounced than changes in spawning distributions, accounting for 74%
of biomass compared to 51% of total spawn (Donaldson et al. 1992); it also indicates that our
proportional allocation of biomass among regions based on total spawn likely overestimated
biomass in northern regions that year.
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These spawning shifts suggest that the availability of older, experienced herring with knowledge
of migration routes to spawning areas from the prior year may have contributed to spatial
differences in recruitment between the 1980s and early 1990s. Naive herring are hypothesized to
be more likely to migrate and spawn near areas that were active the prior year by schooling and
following experienced fish (McQuinn 1997, Corten 2002, MacCall et al. 2018), and abrupt
declines in spawning biomass that coincide with an influx of numerically dominant recruits will
reduce spatial overlap between age classes prior to spawning and disrupt the learning process
necessary for first-time spawners to return to a general spawning area in successive years (Corten
2002, Huse et al. 2002, 2010). We hypothesize that new recruits were less likely to encounter
and school with experienced herring that spawned in northern regions in 1991 due to declining
biomass among these spawning aggregations, resulting in a large proportion of the 1988 cohort
migrating to Montague Island for the first time either by self-guiding or following more abundant
adults from this region. In contrast, recruitment may have been more widely distributed in the
1980s due to the availability of experienced herring migrating to more wide-ranging spawning
areas even though the overall population size was initially much smaller. Although the 1988
cohort became numerically dominant in all regions the following year, potentially due to
increased straying that occurred as Montague Island biomass reached its highest levels in 1992
(Ware and Schweigert 2001), the lack of spawning in North Shore and Naked Island in
subsequent years suggests that knowledge of migration patterns to these productive but distant
spawning areas was effectively lost.

The other major shift in spawning distributions towards Southeast Shore in the late-1990s may
also be linked to poor recruitment and the effects of high local mortality. Spawning declined
until the mid-1990s as the 1988 cohort aged out of the population and no new strong cohorts
appeared. Despite a brief increase in spawning in 1997-98, spawning declined to record lows by
2001 along Montague Island and Northeast Shore while briefly increasing in Southeast Shore.
The decline in spawning along Montague Island in 1999 immediately followed one of the few
instances in which there were multiple years of high local exploitation by the fishery within that
region. Yet our limited analysis provides weak support to suggest that high local exploitation by
the fishery alone led to the decline in spawning. A more comprehensive analysis of herring roe
fisheries in British Columbia between 1940 and 2006 did not find clear evidence that the fishery
was decreasing the frequency of spawning or depleting the number of spawning locations (Hay
et al. 2008). But a more recent analysis did show instances where high local exploitation
contributed to the depletion of herring subpopulations in British Columbia prior to the overall
population declines (Okamoto et al. 2020). In Prince William Sound, we hypothesize that
combined effects of high natural mortality, high local exploitation, poor recruitment, and low
population size led to the collapse of spawning along Montague Island that precipitated the shift
in spawning to Southeast Shore. High natural mortality occurred across the Sound in 1998 due to
a disease outbreak (Marty et al. 2010), but stability of spawning in Southeast Shore from 1998—
2000 (where only limited activity by the pound fishery occurred) suggests that disease alone does
not account for reduced spawning along Montague Island. Following an earlier disease outbreak
in 1994 when no fishing occurred, spawning remained stable along Montague Island for the next
two years. Spawning aggregations within a general area may be robust to occasional increases in
mortality from disease or high harvest rates, but not to the combined mortality from both. Effects
of high local mortality may have also been amplified due to poor recruitment (Muradian et al.
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2017) and overall low population size (Essington et al. 2015). In addition, disease outbreaks may
be linked to the pound fishery due to increased transmission of a waterborne virus that results
from stress and crowding of impounded fish (Hershberger et al. 1999). Other factors not
explored in this study may also have contributed to these spawning shifts, including predation,
salmon hatchery releases, and environmental and climate-related drivers, and warrant future
examination.

While not directly examined in this study, we speculate that one consequence of the
consolidation of spawning towards Southeast Shore is herring offspring shifting from source
areas to sinks, and that this may be a contributing factor to successive recruitment failures. Under
the source-sink model (Pulliam 1988), sink habitats are herring spawning and nursery areas
where births plus immigration are less than mortality plus emigration. If observed shifts in
herring spawning results in increased transport and/or retention of herring offspring in nursery
areas with sink characteristics, we would expect increased mortality during early life stages and
more frequent recruitment failures. Following the Exxon Valdez oil spill, dispersal of herring
larvae and mortality rates during critical life stages in the first year were investigated from 1995
to 1998 (Norcross et al. 2001). Simulated larval dispersal trajectories indicated that larvae
originating from the Montague Island, North Shore, and Northeast Shore regions were widely
dispersed to all areas of the Sound, except to Southeast Shore (Norcross et al. 2001). In contrast,
larvae originating from Southeast Shore were predicted to have higher retention within the
region, with more limited dispersal to Northeast Shore and Naked Island. Furthermore, nursery
habitat in Southeast Shore may be less productive than other areas of the Sound: energetics-
based survival rates of herring over their first winter were highest in North Shore and Montague
Island and lowest in Southeast Shore (Norcross et al. 2001). Spatial differences in prey
availability in summer and fall most likely explain these regional differences in over-winter
survival rates. Juvenile herring in northern and western areas of Prince William Sound possess
isotope signatures indicating that their prey originate from the Gulf of Alaska continental shelf,
and were in better condition energetically (i.e. more likely to survive) than juvenile herring in
Southeast Shore (Gorman et al. 2018). Based on the high retention of larvae spawned locally in
an area with lower prey quality and over-winter survival rates of age-0 herring, nursery areas in
Southeast Shore have characteristics of sink habitat and may be inhibiting recruitment by
reducing first-year survival.

If recruitment has been inhibited by the concentration of spawning along the Southeast Shore,
future recruitment success and population recovery likely requires conditions that favor wider
dispersal of larvae to nursery areas across the Sound to increase the likelihood that larvae are
retained in productive habitat with high first-year survival. Particle dispersal models indicate that
herring larvae can be transported from Southeast Shore spawning areas to other areas of the
Sound (Norcross et al. 2001, Pegau 2013), but it is not clear how this connectivity varies under
different environmental conditions. Increases in the number and diversity of spawning sites in
other regions would improve the population’s portfolio, therefore the recent emergence of strong
recruitment from the 2016 cohort that led to an expansion of spawning in 2019 is an encouraging
(albeit early) sign that the population retains some capacity to recover.
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TEMPORAL PATTERNS

Prince William Sound herring show strong spawn timing trends that coincide with transitions
between large-scale temperature anomalies in the Gulf of Alaska. Over a two-decade period,
spawning shifted earlier by two to four weeks, before abruptly reverting to later in the season by
three to four weeks during the following six years, and then again shifted back to earlier dates
over the next five years. While the mechanism for the multi-decadal trend towards earlier
spawning is unknown, the two abrupt shifts in 2006-2007 and 2013-2014 coincide with
transitions between multi-year periods of ocean temperature anomalies in Prince William Sound
and the Gulf of Alaska (Figure 14 in Campbell 2018): 2001-2006 was a warm period, 2007—
2013 was a cold period, and 2014-2016 was the Northeast Pacific marine heatwave (Bond et al.
2015, Di Lorenzo and Mantua 2016). The coincidence of observed shifts in spawn timing with
transitions between warm and cold periods is consistent with the expected effects that
temperature has on gonad maturation rates of herring (Hay 1985, Ware and Tanasichuk 1989),
and indicates that the population is also responding to external perturbations in their
environment, with unknown impacts on first-year survival.

There also indications that demographic changes may be contributing to abrupt shifts in spawn
timing trends, similar to how spatial variations in age structure coincided with shifts in spawning
distributions. The 2006—07 shift coincided with a major change in the population’s age structure
as the 2004 cohort replaced the 1999 cohort as the dominant age class. A similar shift from
earlier-to-later spawning occurred between 1990 and 1991 as the 1988 cohort replaced the 1984
cohort as the dominant age class. These age-related differences in spawn timing are consistent
with long-term observations for herring populations in British Columbia (Hay 1985) and the
Atlantic (Lambert 1987). Similar effects of temperature and demography on spawn timing have
been shown for other species, such as walleye pollock (Gadus chalcogrammus) in the Gulf of
Alaska (Rogers and Dougherty 2019) and capelin (Mallotus villosus) in the Northwest Atlantic
(Carscadden et al. 1997). Future work is needed to quantify these relationships, examine the
effects that shifts in spawn timing have on first-year survival, and assess how similar spawning
duration periods compensate for shifts in spawn timing and reduced spatial elements of the
spawning portfolio.
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APPENDIX A

Table Al1. Number of days sampled during Alaska Department of Fish & Game aerial surveys by
vear and region: PWS = all areas; MI = Montague Island; SE = Southeast Shore; NE =
Northeast Shore; NS = North Shore; NI = Naked Island; KI = Kayak Island.

Year Date Range PWS MI SE NE NS NI KI
1973' 17 April-4 June 13 5 0 8 2 0 0
1974 5 April-1 July 14 6 1 14 7 0 0
1975' 12 April-28 April 10 3 3 9 0 0 0
1976 5 April-30 April 14 5 4 12 5 0 0
1977 31 March-11 May 13 3 2 10 1 0 0
1978 11 April-14 June 13 2 2 12 4 0 0
1979 7 April-12 June 18 1 11 18 7 0 0
1980 3 April-8 May 21 7 17 15 11 0 0
1981 20 March-5 May 33 22 26 31 13 0 0
1982 25 March-14 May 27 18 17 26 14 6 1
1983 23 March-21 May 32 26 9 23 19 23 0
1984 15 March-10 May 42 23 25 36 30 20 0
1985 24 March-7 May 30 19 20 25 22 22 0
1986 17 March-14 May 35 20 23 34 27 22 0
1987 18 March-10 May 33 20 26 31 26 25 0
1988 25 March-1 May 24 18 12 22 22 17 0
1989 25 March-27 April 25 20 23 21 22 23 0
1990 31 March-23 April 22 20 12 20 21 19 0
1991 30 March-12 May 33 26 25 29 28 25 0
1992 1 April-27 April 23 18 17 20 16 17 0
1993 1 April-27 April 19 19 16 19 19 19 0
1994 31 March-29 April 25 25 18 17 15 16 0
1995 6 April-2 May 16 10 8 7 0 0 0
1996 2 April-10 May 15 11 11 10 3 1 0
1997 29 March-22 April 21 19 18 19 13 12 0
1998 23 March-22 April 18 15 17 15 13 11 0
1999 25 March-28 April 17 15 15 15 5 5 0
2000 3 April-27 April 10 9 10 8 2 2 0
2001 20 March-26 April 11 10 11 10 5 5 0
2002 20 March-2 May 10 6 10 9 6 6 0
2003 1 March-23 April 10 6 10 10 4 4 0
2004 23 March-20 April 6 5 6 6 5 5 0
2005 19 March-3 May 11 8 11 8 6 7 0
2006 26 March-1 May 13 11 12 13 7 10 0
2007 28 March-21 May 15 9 14 13 7 8 2
2008 19 March-6 May 14 10 12 9 6 8 3
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Year Date Range PWS MI SE NE NS NI KI
2009 1 April-18 May 17 12 15 11 7 9 2
2010 24 Feb-4 May 21 8 19 18 5 6 2
2011 18 March-17 May 13 6 13 13 3 3 0
2012 28 March-30 April 17 5 16 13 2 2 1
2013 2 April-9 May 18 7 18 16 4 3 1
2014 23 March-1 May 15 2 15 14 1 2 3
2015 24 March-4 May 19 9 18 12 3 3 3
2016 23 March-27 April 14 10 14 14 5 5 0
2017 22 March-6 May 22 15 22 21 8 12 3
2018 24 March-19 April 12 9 11 9 6 8 2
2019 19 March-3May 17 15 17 16 3 9 2

'Only includes days when spawning was observed
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Figure Al. Distribution of herring spawning (mile-days of milt, MDM) and coverage by the
Alaska Department of Fish and Game aerial survey in spring from 1973 to 2019 by year
(each decade is shown on separate pages). Note, survey coverage data are not available in
1973 and 1975, and may be incomplete in other years during the 1970s and early 1980s.
Aerial survey coverage data were recorded as polygons for areas of shoreline that were
sampled until 1999, and later as polylines for the flight paths of each survey starting in 1997.
Grid cells are 10 x 10 km and correspond with the analysis grid shown and/or referenced in
Figure 3-5.

3-35
HRM Synthesis Report March 10, 2021



L _.L___ ' | §
3
e \
b § i
T g i fy
- h] m Al
% - { ‘!‘. = "’
| & [
% L™
e s [
X g X
Tl = 5 e 5 2
e Sl
b Al
| 5 [l
T [
BT BENE..
Y V]
T 1
1 y ‘ |
4 i -
\ ] : [
! 4,_; By
- h] = Al
1 p- |
— Spawn (MDM)
: I coverage
P 1 =
g [ gl 4 []
l‘ 4l
| = .y
E : % ‘.
1P Vi
[ 3 [ ]
[ ] [ ] [

Figure Al. (cont’d-1980s)

3-36
HRM Synthesis Report March 10, 2021



gy
| ] o
1 5 X P AT
1 = [ |- /)
h] m Al
{9°s £ e
I I
| b
1 -
1 Y
WP il
e ;
i AN = J 2 ;
b R Al
[l I
JEE
e L 1 S A
0 h . X
) e V]
1 |
s r
mm i Fin i
| 5
I 1 SRS -
h] = “
; T !.}I
- = — Spawn (MDM)
~ Flight path
I Coverage
|
B !
[ lal 4 3 [1]
il € . iyl
] = j L. :
i : i
IR~ 5
[ [ ]
[ ] [ ] [

Figure Al. (cont’d - 1990s)

HRM Synthesis Report

3-37

March 10, 2021



e

£ il
[ @ AT |
il [7 o :
/B - £
e ; 4 :
4 “’.
[ I
2
f /
[ o ] A
X
g [ i 8
£ ; T
[ |
[ o ] 18]
h
Y
1 |
i
1 i
P F L]
|
s 3 s
! |
1 | |
— Spawn (MDM)
i 313 — Flight path
e 4
\ [ [ ]
‘ it
- ik E R

Figure Al. (cont’d - 2000s)

HRM Synthesis Report

3-38

March 10, 2021




/
H | [
Wl =
—"'w:“ =
| Al [
(1 Hd 1
r /ﬁ‘
: : 2
Gl o o B eI /s
e 5 .
| [l
> \
g
A I 7
e B . =
& \
1 | |
i 3
P 317!
B ]
1 il | |
— Spawn (MDM)
‘ shad | — Flight path
| A
[]
T oy e
[ [ ]
[ ] [

Figure Al. (cont’d -2010s)

HRM Synthesis Report

3-39

March 10, 2021



1980

14

23

1981

28

1882

1983

1984

- | &~
|
o o | ) =} )
60 80 110 140 60 80 110 140 60 80 110 140 60 80 110 140 60 80 110 140
o 1985 o 1986 o 1987 ° 1988 _ 1989
<t o™ 1 o™ : M~ w
o o A o o o
60 80 110 140 60 80 110 140 60 80 110 140 60 80 110 140 60 80 110 140
1990 1991 1992 1993 1994
I - 2 2 ©
. __J . AM . M . ﬁ .
60 80 110 140 60 80 110 140 60 80 110 140 60 80 110 140 60 80 110 140
1995 1996 1997 1998 1999
~ = 2 © «© !
= . J . ‘_[Jh I
O o o o o o
;, 60 80 110 140 60 80 110 140 60 80 110 140 60 80 110 140 60 80 110 140
c
= 2000 2001 2002 2003 2004
@ o ~ ! © ~ e
Q. 1
W 1 l
1
i R N A Y | Y .
60 80 110 140 60 80 110 140 60 80 110 140 60 80 110 140 60 80 110 140
© 2005 2006 2007 2008 © 2009
© @ ~ ] @ 1 —
1 |
1 |
I ll
1
. dow o L bl o L] S SO I | IS N
60 80 110 140 60 80 110 140 60 80 110 140 60 80 110 140 60 80 110 140
2010 2011 2012 2013 - 2014
w 1 s o 0 -
o o o 1 IS ﬁJ—-Il o
60 80 110 140 60 80 110 140 60 80 110 140 60 80 110 140 60 80 110 140
2015 2016 2017 2018 2019
< ' <+ ©® | ® R "
1
o o - o o (=}
60 80 110 140 60 80 110 140 60 80 110 140 60 80 110 140 60 80 110 140
DOY

Figure A2. Histograms of annual spawning (mile-days of milt, MDM) for all regions combined
from 1980 to 2019. The red dashed line indicates the date when 50% of total spawn was

observed for each year.
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Figure A3. Distributions of herring spawning (mile-days of milt, MDM) and shoreline impacted

by the 1989 Exxon Valdez oil spill. Spawn patterns are summarized as quantiles of MDM

summed within each 10%10 km grid cell for A) before the spill, B) the year of the spill, C) the
four-year period after the spill, D) and the period after the collapse of the herring population.

Oil spill distributions indicate shoreline that was impacted during surveys conducted from

summer 1989 to spring 1990.
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CHAPTER 4 ANNUAL HERRING MIGRATION CYCLE

Mary Anne Bishop' and Jordan Bernard'
! Prince William Sound Science Center, Cordova, AK

INTRODUCTION

Our 2013 pilot project established that after spawning, a majority of adult, acoustic-tagged
Pacific herring (Clupea pallasii) moved from the spawning grounds in Prince William Sound
(PWS), where spawning ground acoustic arrays were located, to the entrances to the Gulf of
Alaska (GOA), where the Ocean Tracking Network acoustic arrays (hereafter referred to as the
entrance arrays) were located (Eiler and Bishop 2016, Bishop and Eiler 2018). Our conclusions
were limited in scope, however, because tag life was <9 months and because the entrance arrays
consisted of single lines, precluding information on the direction of movements. Since the 2013
pilot study, we have deployed additional receivers that provide data on movement direction and
have deployed two tags types, with battery lives of 9 and 25 months, respectively. Here we
summarize our results from an analysis of herring movements over a two-year period (April
2017 through March 2019) based on herring tagged in PWS during 2017 and 2018.

OBJECTIVES

1) Document location, timing, and direction of Pacific herring seasonal migrations between
PWS and the GOA.

2) Relate large-scale movements to year class and body condition of tagged individuals.

3) Determine seasonal residency time within PWS, at the entrances to PWS, and in the
GOA.

METHODS

In February 2017, we deployed a second line of receivers at each of the four Southwest Passages,
as well as a second line of four receivers each at Hinchinbrook Entrance and Montague Strait
arrays. Because most detections occur near the shoreline, two receivers were placed at each end
of Hinchinbrook Entrance and Montague Strait arrays. Receiver arrays were also deployed on the
spawning grounds as well as in other suspected PWS post spawning habitat (Figure 4-1). Data
were uploaded from receiver arrays at the entrances to the GOA in February (2018 & 2019) and
September (2017-2019; partial upload only), and from spawning grounds arrays between April
and June (2017-2019).

For these analyses, we defined two seasons for each 12-month period: spring/summer (1 April —
31 August; 5 months) and fall/winter (1 September — 31 March; 7 months). We developed an
Arnason-Schwarz (AS) multistate model (Schwarz and Arnason 1993), a generalization of the
Cormack-Jolly-Seber mark-recapture model, to estimate the probability at which PWS herring
move between geographic locations while accounting for uncertainty of fish locations and
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mortality rates in the PWS and GOA (Figure 4-2). We implemented a Bayesian version of the
AS model where fish direction information recorded at the entrance arrays was incorporated into
the model by using informative priors on the movement probabilities at the entrance arrays. The
computation was carried out using R (R Core Team 2013) and JAGS (Plummer 2003).

A logit link function was used to model movement probabilities as a function of categorical
variables. Variables considered included sex, spawn state at the time of tagging (spawned, not
yet spawned), standard length, weight, condition (defined as weight*length>*1000), and tag-
burden (tag weight/fish weight). We combined the 2017 and 2018 data and used the median as
the break point to separate the variables standard length, weight, condition, and tag-burden into
two categories each.

v _im_,,.,_l ="

—Spawning
Other PW3
Hinchinbrook

= Montague
=W Passages

Figure 4-1. Location of Prince William Sound acoustic arrays. Hinchinbrook Entrance,
Montague Strait, and the four Southwest Passages are collectively referred to as the entrance.

4-2
HRM Synthesis Report March 10, 2021



Hinchinbrook Entrance
Array

[ Spawning Arrays

Montague Strait
Array

Southwest Passage
Arrays

[ Other PWS Arrays

Dead

Figure 4-2. Schematic of multistate model used to describe adult herring movements. Eight
model states (shown in rectangles) describe the possible location of a fish and whether or not
it is alive. Arrows between geographic locations represent movement probabilities, while
arrows pointing to the “dead” state represent mortality probabilities.

Mean residency times were estimated at the entrance arrays, spawning ground arrays (fall/winter
season only) and in the GOA. The residency times at the entrance and spawning ground arrays
were based on the time of first and last detection. Fish that went undetected for a period of >24 h
were considered to have departed an entrance or spawning ground array. To estimate residency
time in the GOA we considered only fish with PWS-GOA directional detections that were then
undetected for >7 d, followed by a detected return at the outside of an entrance array receiver.

To estimate seasonal mortality in PWS and the GOA we used an unconstrained version of the
multi-state AS model. Because permanent immigration into the GOA cannot be distinguished
from mortality, and because we would expect permanent immigration to be relatively low, we
refer to our estimate as the GOA mortality rate.

RESULTS AND DISCUSSION

We tagged herring during April 2017 (n = 124) and 2018 (n = 202) in and around the spawning
grounds at Port Gravina (2017 and 2018) and Hawkins Island (2018; Table 4-1).

Table 4-1. Total by sex, tagging location and year of acoustic-tagged herring, 2017-2019.

Month/Year Location Male Female Unknown
Apr 2017 Port Gravina 62 59 3
Apr 2018 Port Gravina/Cedar Bay — 128 69 5
Canoe Pass
Apr 2019 Port Gravina/Canoe 92 63 10
Pass/Double Bay/Rocky Bay
Total 282 191 18
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SEASONAL MIGRATION BETWEEN PWS AND GOA

We modeled movement probabilities between PWS and the GOA. At both Hinchinbrook
Entrance and Montague Strait, herring were more likely to migrate from PWS to GOA during the
spring/summer season, while during the fall/winter season herring were more likely to migrate
from GOA to PWS. At the Southwest Passages, similar patterns were not observed, suggesting
that the migration pathways run primarily through Hinchinbrook Entrance and Montague Strait
(Figure 4-3). Seasonally, fish were most likely to leave PWS through Hinchinbrook Entrance
during spring/summer season (Figure 4-4) whereas fish were more likely to return to PWS
during the fall/winter season using Montague Strait.
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Figure 4-3. Movement probabilities by season, array, and direction, April 2017-March 2019.
Black = Gulf of Alaska (GOA) to Prince William Sound (PWS),; light gray = PWS to GOA. At
Hinchinbrook Entrance and Montague Strait during spring/summer (April-August; seasons 1
& 3), fish are more likely to move from PWS to GOA than from GOA to PWS. During
fall/winter (September-March; seasons 2 & 4), the trend reverses. This oscillatory trend is
indicative of seasonal migration did not occur at the Southwest Passages.
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Figure 4-4. Probability of moving from Prince William Sound to the Gulf of Alaska by entrance

array during spring/summer season (1 April- 31 August). Both years, fish were more likely to
leave Prince William Sound through Hinchinbrook Entrance.

To better describe the phenology of herring migration, we used a kernel density plot to visualize
the direction of movements over the two-year period (Figure 4-5). The plot shows that most of
the PWS-GOA and GOA-PWS detections occurred between April and August. This is because

some fish mingle around the entrance arrays, in particular at the Southwest Passages and log both
PWS-GOA and GOA-PWS detections (Figure 4-6).
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Figure 4-5. Kernel density estimate of movement direction at Prince William Sound entrance
arrays (Hinchinbrook Entrance, Montague Strait, and Southwest Passages), April 2017-
February 2019. GOA = Gulf of Alaska;, PWS = Prince William Sound.
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Figure 4-6. Exit from and returns to Prince William Sound by entrance array, spring/summer
season 2018. GOA = Gulf of Alaska; PWS = Prince William Sound.

EFFECT OF LENGTH, WEIGHT, AND CONDITION ON MIGRATION

Our analyses indicated that neither sex nor spawning state had a significant effect on movement
rates; however, length, weight, and condition did have significant effects. These three variables
are deeply correlated, and results were similar across the three variables. Using the median
weight for the first two tag years to separate heavy and light fish, we found that during
spring/summer season, heavier herring were more likely to move to the entrance arrays

(Figure 4-7). Likewise, longer, heavier fish in good condition were determined to be the most
likely to migrate between PWS and the GOA. Lighter fish, on the other hand, were more likely
to return to the PWS spawning areas during the fall/winter season (Figure 4-7).
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Figure 4-7. Left: Effect of weight on Prince William Sound (PWS) to entrance array movement
probability. Negative [ estimates show that heavy fish are more likely to move from PWS to
Montague Strait during spring/summer season. Similar trends were found at Hinchinbrook
Entrance and the Southwest Passages. Right: Effect of weight on PWS to spawning ground
movement probability. Positive § estimates show that during fall/winter season lighter fish
are more likely than heavier fish to move from PWS to the spawning grounds.
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RESIDENCY TIMES AT PWS ARRAYS

Within PWS, the longest residency times at the entrance arrays occurred during the
spring/summer season. Longest residencies were recorded during spring/summer 2017 at Prince
of Wales and Elrington, two adjacent Southwest Passages, when estimated mean residency was
59.2 h and 34.8 h, respectively (Table 4-2). On the spawning grounds during winter, average
residency time was 3.2h (n = 4 fish) the first winter (September 2017 — March 2018) when there
were only receivers at Gravina array; average residency time was 15.0 h (n = 33 fish) the second
winter (September 2018 — March 2019) when there were additional arrays at Redhead and
Hawkins Island.

Table 4-2. Estimated mean residency time (h) at entrance to Gulf of Alaska receiver arrays by
season, April 2017 — March 2019. Number of individual fish denoted in parentheses. Fish
were considered having departed from an array if no detections occurred for 24h.

Array Apr-Aug Sep 2017-Mar Apr-Aug Sep 2018-Mar
2017 2018 2018 2019
Hinchinbrook 11.0 (47) 0.2 (2) 7.7 (115) 1.0 (29)
Montague 13.4 (30) 5.9 (15) 16.8 (63) 12.3 (46)
Southwest Passages
LaTouche 1.7 (4) - 5.5(19) -
Elrington 34.8 (14) 22.1 (10) 25.0 (33) 17.4 (2)
Prince of 59.2 (5) 42.0 (1) 44.3 (22) 28.4 (1)
Wales
Bainbridge - - 5.1 (4) -

RESIDENCY IN GOA AND EFFECT OF SEX AND WEIGHT

Residency time in the GOA was estimated at 39.7 d for fish exiting from Hinchinbrook Entrance,
47.7 d for fish exiting through Montague Strait, and 31.2 d for fish exiting through the Southwest
Passages. Fish exiting through Hinchinbrook Entrance and returning to PWS via Montague Strait
had the longest GOA residency times (64.9 d, n = 6; Figure 4-8). One-third (n = 42) of the GOA
126 residency events involved fish exiting from and returning along the western shoreline of
Montague Strait. Of the 126 occurrences where we could estimate residency time, 17 (14%) were
in the GOA for >3 months (max =295 d) and 10 of the 17 fish (59%) returned during either
January of February (Figure 4-9).

We used linear regression to understand the factors influencing residency time in the GOA.
Variables examined included exit array, as well as fish length, weight, condition, sex, and
spawning state. At the o = 0.10, only weight (p = 0.04) was significant. Fish weight had a
positive linear effect on residency time. An increase in 1.0 g weight was associated with a 0.34 d
increase in residency (90% CI = 0.06 - 0.62).
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Figure 4-8. Estimated mean residency time (d) and 90% confidence interval for fish exiting to
and remaining in the Gulf of Alaska > 7 d, followed by a return to Prince William Sound.
Residency estimate shown by exit and return entrance arrays. Arrays: HE = Hinchinbrook
Entrance, MS = Montague Strait, SWP = Southwest Passages. n = total exit/return where
residency could be estimated for a total of 69 individual fish.

300- -
ry . Return Location
= _
@ 200 ) . Bl
—— L ]
Pl ‘ & [ ] . L] - MS
E 100- - "'_ . .
- * . . b4 * SWP
fo. o« * e 38,
0-, 'hﬂh | .- ﬂﬂ:- - I" :'I |.
417 120117 TMa 2M8a M4

Return Time

Figure 4-9. Residency time (d) in the Gulf of Alaska calculated as a function of return date to
Prince William Sound and return entrance array. HE = Hinchinbrook Entrance, MS =
Montague Strait, and SWP = Southwest Passages. Note the tendency of fish with longer stays
to return to the Sound during winter months (December-February).

MORTALITY RATES FOR TAGGED FISH IN PWS AND GOA

Using 90 percent credible intervals, the seasonal mortality rates between PWS and the GOA
were not significantly different and showed similar trends. Mortality was higher during the
spring/summer season than during the fall/winter season (Figure 4-10), although the seasonal
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effect was significant only for PWS. Notably, during spring/summer 2017, the PWS weekly
mortality rate was estimated to be 0.15, which is much higher than we would expect given the
lifespan of the fish. In contrast, the following spring/summer season, PWS mortality dropped to
0.09, and was similar to the GOA mortality rate.

To determine if mortality varied within the spring/summer season, we split each spring/summer
season in half and reran the model. We found that higher mortality tended to occur during the
first one-half of the season (1 April — 15 June; Figure 4-11). We suggest that the higher mortality
rate observed during the first one-half of the spring/summer season may be due to two factors: a)
negative effects of tagging; and b) higher predation rate by marine mammals as a result of
converging herring schools on the spawning grounds.

04-
@
q
i}
os-
£ .
- location
3 0.2- . goa
> ES pws
® 01
g = -

0.0- é +

AMMAT-8MNMT Y1M7-3131M18 AMMB-8rMM8 9M1/M18-3/31M19

Figure 4-10. Average weekly mortality rate for acoustic-tagged herring in Prince William
Sound (PWS) and the Gulf of Alaska (GOA) by season. April 2017 — March 2019.
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Figure 4-11. Average weekly mortality rate for acoustic-tagged herring in Prince William Sound
(PWS) and the Gulf of Alaska (GOA) during the first (1 April — 15 June) and second (16 June
— 31 August) one-half of the spring/summer season.
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MANAGEMENT IMPLICATIONS

Our results show that PWS herring are partial migrants. That is, the PWS Pacific herring
population consists of both resident fish as well as migratory fish that move out onto the
continental shelf. Aerial forage fish surveys conducted during June and July throughout PWS
have noted the persistence of adult herring schools, suggesting that areas within PWS serve as
summer feeding grounds. Given that both resident and migratory populations exist within PWS
our model helps discern the factors that potentially distinguish the two groups. Smaller fish were
shown to be more likely to move from PWS to the spawning grounds arrays in the winter months
(they were more likely to stay in PWS and return to the spawning grounds) while heavier fish
were more likely to move from PWS to the Montague Strait array during the spring and summer.
Because weight is positively correlated with length and age, our results suggest that the heavier,
longer, and older fish are more likely to migrate than smaller, younger fish.

Importantly, verification of a PWS migratory herring population confirms that herring found on
the continental shelf waters include PWS herring and suggests the mechanism for mixing with
other herring populations such as the spawning population at Kayak Island. In 2019 during the
National Oceanic and Atmospheric Association’s summer GOA pollock acoustic trawl survey,
the largest haul of herring (>2250 kg) between Resurrection Bay and Yakutat Bay took place just
northeast of Middleton Island, approximately equal distance from both Hinchinbrook Entrance
and Kayak Island (D. Jones, National Oceanic and Atmospheric Administration, unpubl. data).
Recent genetic research by Wildes et al. (2018) found that PWS herring, are genetically similar
to Kayak Island herring. That study suggested that gene flow is occurring between PWS herring
and stocks to the east, either continuously or episodically. The annual migratory movements by
older PWS herring documented by our study imply that gene flow is continuous, and that Kayak
Island stocks should be considered as part of the total PWS herring biomass.
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CHAPTER 5 HERRING DISEASE SYNTHESIS

Paul Hershberger' and Maya Groner?

L USGS, Marrowstone Marine Field Station, WA
2 Prince William Sound Science Center, Cordova, AK

INTRODUCTION

Boom-bust cycles, or periodic oscillations in biomass and abundance, commonly occur among
Clupeid populations throughout the world (Baukun 2006). The proximate and ultimate drivers of
these cycles can be grouped into top-down (e.g., predation, disease, harvest) or bottom-up (e.g.,
food availability) factors. The hypothesis that disease contributed to the biomass decline in
Prince William Sound (PWS) during the early 1990s is supported by concomitant observations
involving large numbers of diseased Pacific herring (Clupea pallasii) among the returning
survivors (Marty et al 1998). Since this decline, a new (lower) herring population steady state
established in PWS, and it is hypothesized that endemic diseases are preventing its recovery to
the former (higher) steady state.

As a result of these observations, the Herring Disease Program (HDP) was created and nested
within the Herring Research and Monitoring program, with the goals of understanding and
mitigating the impacts of infectious and parasitic diseases to the PWS herring population.
Historically, our understanding of disease impacts on populations of wild marine fishes has been
limited by an investigative approach that relied exclusively on correlations and inferences from
field survey efforts. Although this approach can be effective at documenting trends in infection /
disease prevalence and severity, it is unable to demonstrate cause-and-effect relationships
between disease and population impacts. The HDP seeks to understand the proximate and
ultimate drivers that influence disease outbreaks by expanding beyond this traditional approach
and integrating active laboratory and field experimentation. The following sections synthesize
some of the recent findings of the HPD and describe how these results can be used to forecast
disease risk and inform management decisions to mitigate disease impacts.

VIRAL HEMORRHAGIC SEPTICEMIA VIRUS (VHS VIRUS)

Although viral hemorrhagic septicemia (VHS) virus has occurred in the Pacific Northwest for
centuries (Einer-Jensen et al. 2004), enhanced surveillance efforts were largely responsible for its
first isolation in the region during the late 1980s - from asymptomatic, adult Pacific salmonids
(Brunson et al. 1989, Stewart et al. 1990, Eaton et al. 1991). Subsequent studies confirmed that
the newly isolated virus was genetically distinct from strains previously known to occur in
Europe (Batts et al. 1993), which severely impacted the farmed rainbow trout (Onchorhynchus
mykiss) industry. It was quickly determined that the North America strain (Genogroup [Va)
demonstrated little pathogenicity to Pacific salmonids (Winton et al. 1991, Gross et al. 2019).
Consequently, initial concern for the presence of the endemic virus waned - until the virus was
isolated from clinically diseased, dead and dying, marine fishes including Pacific cod (Gadus
macrocephalus), Pacific hake (Merluccius productus), walleye pollock (Theragra
chalcogramma), and Pacific herring in Alaskan waters (Meyers et al. 1999, Hedrick et al. 2003).
It is now known that VHS virus (Genogroup IVa) is highly virulent to many species of marine
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fishes and it periodically causes epizootics and resulting fish kills throughout the Pacific
Northwest (Garver et al. 2013). Efforts within the HDP have identified a series of guiding
principles that govern the epizootiology of VHS virus (Hershberger et al. 2016a):

Principle #1: Pacific herring are highly susceptible to VHS

Recurring epizootics of VHS are responsible for fish kills in Pacific herring and other forage
fishes (Garver et al. 2013). Indeed, ongoing studies in 2018 and 2019 indicate that annual
VHS epizootics consistently occur among some age 0 herring aggregations in nearshore
habitats (e.g., Port Angeles Harbor, WA; Hershberger new data, unpublished). These
observations are further supported by controlled laboratory studies which indicate that naive
Pacific herring are highly susceptible to direct mortality from VHS (Kocan et al. 1997;
Hershberger et al. 2007, 2010a). Therefore, Pacific herring are considered an exceptionally
susceptible host species, with waterborne exposure levels as low as 10! virus particles
(plaque-forming units, PFU) / mL capable of initiating epizootics. Additionally, the virus is
capable of infecting and killing previously-naive Pacific herring when injected into the body
cavity at a calculated dose of 0.07 PFU / fish, a level below the detection threshold of a
standard viral plaque assay (Hershberger et al. 2011).

Principle #2: Pacific herring are super-shedders of VHS virus

After exposure to the virus and successful establishment of infection, Pacific herring and
other species shed copious amounts of VHS virus into the water (Hershberger et al. 2010b).
In Iab settings, shed VHS virus can be detected in the water as early as 4-5 days post-
exposure, prior to the onset of host mortality from the resulting disease. Viral shedding peaks
6-10 days post-exposure and high levels of shed virus are no longer detectable after 16 days.
During the shedding peak, each diseased herring sheds an average of 500 million virus
particles into the water each day. The progression of viral shedding is temperature-
dependent, with lower temperatures generally resulting in higher shedding rates and delayed
peaks in viral shedding (Hershberger et al. 2013). In the wild, an abundance of super-
shedders in a population likely results in the rapid amplification of exogenous virus, thereby
providing a critical viral amplification step in the irreversible cascade of events that
culminate in a VHS outbreak (Hershberger et al. 2016a). Ongoing studies indicate that
herring continue to shed low levels of VHS virus well-after this acute and transient viral
shedding period, with waterborne virus detected in laboratory settings at least 6 months post
exposure and well after the occurrence of an outbreak (Hershberger new data, unpublished).
Viral shedding is exacerbated by decreasing water temperatures during this long-term
chronic shedding period.

Principle #3: Pacific herring are a natural reservoir for VHS virus

The involvement of Pacific herring and other highly susceptible fishes including Pacific
sardines (Sardinops sagax caerulea), walleye pollock, and Pacific sand lance (Ammodytes
personatus) as natural reservoirs for VHS virus in the Northeast Pacific was recently
recognized by combining lines of evidence from field observations, manipulations of wild
herring, and controlled laboratory studies. Although sensitive VHS virus diagnostic
techniques typically fail to detect VHS virus-positive tissue samples during wild fish surveys,
the confinement of wild herring into net pens or laboratory tanks supplied with specific
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pathogen free water often results in rapid escalation of VHS epizootics (Hershberger et al.
1999, Kocan et al. 2001a). This observation indicates that VHS virus is maintained covertly
in populations of wild Pacific herring at extremely low prevalence and intensity levels;
however, the virus can quickly amplify in the same population in response to exacerbating
conditions such as capture, handling, transport, and/or confinement. Indeed, an ongoing study
has been able to demonstrate the persistence of low viral loads in the gills and the recurrence
of low levels of VHS virus in the kidney / spleen tissues of survivors at least two years post-
exposure; this low-level viral recurrence is exacerbated by decreasing water temperatures.
The mechanism(s) of long-term viral persistence in these populations involves a combination
of chronic infections among neurotropic carriers (Lovy et al. 2012) and low-level

replication / shedding in gill and other epithelial cells among the among immune individuals
(Hershberger et al. 2010a).

Principle #4: Co-factors influence the potential for VHS epizootics

Several host and environmental factors influence the risk of VHS outbreaks, including water
temperatures, weather / climatic patterns, diet, and conditions that impact infection pressures,
including water exchange rates, gregarious host behaviors, and proximity to VHS virus
reservoir species. The susceptibility of Pacific herring to VHS is inversely related to ambient
seawater temperature, as cooler temperatures result in higher mortalities, greater viral
shedding, and longer viral persistence in the tissues of survivors (Hershberger et al. 2013).
Once shed into the water, the stability of exogenous VHS virus increases with the amount of
proteinaceous material in the water, decreasing salinity, decreasing ambient temperatures,
and decreased ultraviolet irradiation (Kocan et al. 2001b, Oye and Rimstad 2001, Hawley
and Garver 2008). Although the effects of natural diet items on host susceptibility remain
uninvestigated, the provision of various commercially available pelleted feeds to captive
herring results in host susceptibility differences, possibly due to the inclusion of
immunostimulants as feed ingredients (Beaulaurier et al. 2012). Tidal and wind-driven water
circulation patterns can influence the titer of waterborne VHS virus within fjords and
embayments where limited water exchange may occur; additionally, advection currents from
an area with a localized epizootic may result in expansion of localized epizootics to much
broader areas (Foreman et al. 2015; Salama and Rabe 2013). Finally, certain predator-
avoidance behaviors of Pacific herring and other pelagic forages fishes, particularly the
coalescence of schools and shoals into extremely tight aggregations, are conducive to
transmission of VHS virus.

Principle #5: Acquired Resistance is a critical determinant of VHS potential

Although immunologically naive Pacific herring are highly susceptible to VHS, survivors of
the disease develop a long-lived adaptive immunity that results in resistance to the disease.
VHS progression in susceptible Pacific herring can be extremely rapid, with detectable levels
of virus occurring in the tissues of exposed herring as early as 2 days post-exposure, and
mortality from the disease occurring as early as 4 days post-exposure (Kocan et al. 1997;
Hershberger et al. 2010a). As noted in previous sections, the pace, intensity, and outcome of
the disease are highly dependent on several variables including exposure level and duration,
temperature, diet, water exchange rate, and other factors factors (Hershberger et al. 2011,
2013). Regardless of the disease progression and magnitude, survivors of active cases of
VHS develop solid resistance to future recurrences of the disease even after their subsequent

5-3
HRM Synthesis Report March 10, 2021



exposure to high levels of virus. Therefore, the potential for VHS epizootics typically
decreases with the host age; not as a result of an increased innate immune response; rather
because older cohorts are more likely to have survived prior infection and developed
acquired immunity. This acquired resistance supersedes all other disease co-factors, and a
resistant population will not experience a VHS epizootic even if all other disease co-factors
are present. However, situations can occur where older age cohorts remain naive to the virus
and retain their susceptibility to the disease; indeed, VHS epizootics occur in wild adult
herring (Garver et al. 2013) and lifelong susceptibility is seen in laboratory colonies of adult
Pacific herring that were reared under specific pathogen-free conditions. Often, some
proportion of the adult population is immune, while the remaining proportion retains
susceptibility; the relative proportions of these immune and susceptible fractions determines
the levels of protective herd immunity within any herring population.

VHS FORECASTING AND MANAGEMENT IMPLICATIONS

Information from these newly articulated principles can be integrated into tools capable assessing
prior population-level impacts and forecasting future disease risk (Hershberger et al. 2016a). In
this context, Principle #5 is the most informative, as the immune status of individuals and
populations supersedes all the principles. For example, a population of immune individuals will
not experience an epizootic, even if all other disease co-factors occur simultaneously (i.e.,
exposure to virus, cool temperatures, elevated infection pressures, etc.). Further, with annual
immunological monitoring of herring populations across year classes, we can deduce if, and
when, epizootics occurred. This deduced exposure history can then be paired with population
assessments to assess whether the epizootic was associated with a concomitant reduction in
biomass or abundance.

Because of the forecasting and hindcasting potential offered by Principle #5, considerable effort
was undertaken to develop laboratory tools capable of assessing the VHS virus exposure history
of wild Pacific herring. Several enzyme-linked immunosorbent assays were developed, but the
assays were quite onerous and data reproducibility was not optimal (Wilson et al. 2014,
Hershberger unpublished). Therefore, we developed a plaque neutralization test (PNT) that
offers a quantitative assessment of VHSV neutralizing antibody titers in Pacific herring; the
assay works well and produces highly reproducible results (Hart et al. 2017). Using this PNT, we
processed archived plasma samples collected during the past 10 years in PWS and Sitka Sound.
We also started validating the PNT by using wild herring with known VHSV exposure histories.
During the validation process, we discovered that slight adjustments to the PNT methods can
significantly increase the sensitivity of the assay (Hershberger unpublished). For example, by
inactivating all endogenous complement in the herring test sera and adding back known amounts
of clean exogenous complement, we effectively increase the mean titers of detectable antibodies
in wild herring from 80 neutralizing units (old methods) to 1,331 neutralizing units (new
methods). We are in the final stages of validating these new methods by using wild herring with
known exposure histories; after which, the new methods will be re-applied to all archived plasma
samples from PWS and Sitka Sound. These historical antibody data, linked to each herring year
class, will then be incorporated into a revised Age-Structured-Assessment (ASA) population
model to deduce whether any epizootics occurred concomitantly with changes in population
abundance or biomass.

ICHTHYOPHONUS SP.
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Ichthyophonus 1s perhaps the most ecologically and economically significant pathogen of wild
marine fishes throughout the world, based on its low host specificity, broad geographic range,
and recurring association with epizootics that result in massive fish kills and population-level
impacts. Recurring epizootics have been documented in Atlantic herring (Clupea harengus)
populations throughout the coastal regions of the Atlantic Ocean, Chinook salmon (O.
tshawytscha) in the Yukon River, yellowtail flounder (Pleuronectes ferruginea) in the western
North Atlantic, and American shad (4losa sapidissima) in the Columbia River (reviewed in
Burge et al. 2014). Ichthyophonus is also endemic in Pacific herring, where it typically occurs in
high infection prevalence with varying intensities (Hershberger et al. 2002, 2016b).

The widespread distribution of Ichthyophonus in Pacific herring throughout the west coast of
North America provides some indication of the mechanisms involved in the perpetuation and
transmission of the parasite. Natural route(s) of Ichthyophonus transmission in Pacific herring
remain unresolved and laboratory studies have been largely unsuccessful at demonstrating
transmission by host cohabitation, immersion in parasite isolates, or feeding with infected tissues
or isolates (Gregg et al. 2012). Additionally, molecular-based efforts to identify an intermediate
host parasite in zooplankton community herring have been largely unsuccessful; analogous
efforts to detect the parasite in sea lice (Caligus clemensii) grazing on surface lesions of herring
demonstrating gross signs of ichthyophoniasis were also unsuccessful (Hershberger new data,
unpublished). Collectively, these results fail to provide any evidence that the parasite passes
through an intermediate or paratenic invertebrate host. Therefore, investigations into
transmission routes have shifted towards the possibility of direct transmission mechanisms,
including transmission via the consumption of infected walleye pollock and herring eggs. For
example, during herring spawning events, herring often feed on newly released eggs from
conspecifics. Because of the typically broad parasite dissemination throughout all tissues of an
infected individual, we are examining whether the parasite is associated with the eggs, and
whether consumption of these eggs can result in Ichthyophonus transmission.

Over broad spatial and temporal scales, the prevalence of Ichthyophonus infections typically
increases with herring size and age (Hershberger et al. 2002, 2016b; Marty et al. 2003). This
zoographic pattern is consistent with that of a chronic infection that accumulates in a population
via recurring exposures throughout the lifetime of the host. The timing, location, and route of
Ichthyophonus exposures to Pacific herring remain unknown; however, this accumulation
hypothesis suggests that the clearance or elimination of the parasite from infected host tissues
must be a rare event. As a result of this direct relationship between infection prevalence and host
age, we started reporting infection prevalence data for individual age / size classes rather than as
a single prevalence from a geographic stock / location.

Exceptions to this direct relationship between Ichthyophonus prevalence and Pacific herring

age / size occur periodically throughout the Northeast Pacific. For example, Ichthyophonus hot
spots occur among juvenile herring from Cordova Harbor (Hershberger new data, unpublished)
and adult herring from North Hood Canal, WA (Hershberger et al. 2019). These anomalies were
likely the result of site / regional-specific disease drivers and offer unique opportunities to target
our investigations into parasite transmission routes. We hypothesize that the high prevalence in
Cordova Harbor may be related to industrial activities on the waterfront. Similarly, the Hood
Canal hot spot may be due to density-dependent drivers, as this is currently the largest herring
stock in Puget Sound (Hershberger et al. 2019).
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Although Ichthyophonus typically persists in Pacific herring at chronic levels that accumulate in
populations over time, several lines of evidence indicate that the parasite may periodically
contribute to negative impacts on Pacific herring population dynamics. Laboratory exposures
indicate that Ichthyophonus can be highly pathogenic to Pacific herring, with intraperitoneal
injections resulting in host mortality with a mean day-to-death of 36d (Kocan et al. 1999).
Massive epizootics and associated fish kills periodically occur in populations of adult Atlantic
herring, often culminating in population-level impacts (reviewed in Burge et al. 2014). Similarly,
the prevalence of Ichthyophonus decreased from 62.5% (5/8) to 19.6% (22/112) in the largest
size class (>240mm) from Sitka Sound during 2007-2013 (Hershberger et al. 2016b). It is
hypothesized that this size-specific decrease in Ichthyophonus prevalence resulted from selective
mortality among the infected cohorts, as the heaviest infection intensities observed throughout
this seven-year survey (2007-2013) occurred in Sitka Sound during 2012. Investigations are
currently underway to understand whether the typical chronic Ichthyophonus infections shifted to
a more acute form in Sitka Sound and resulted in disease mortality of the older age cohorts.

Interannual differences in Ichthyophonus infection prevalence occur periodically among different
herring populations. For example, the infection decreased dramatically in recent years among all
herring from Lower Cook Inlet and among the largest size cohorts in Sitka Sound (Hershberger
et al. 2016b). We hypothesize that these changes resulted from proximate or ultimate mortality
among the infected cohorts. Laboratory exposure studies provide no indication that, once
infected, Pacific herring are capable of completely clearing Ichthyophonus infections; rather,
infected individuals experience either acute mortality (Kocan et al. 1999) or survival with
persistent infections (Hershberger 2012). Elevated mortality of infected cohorts could occur from
selective predation on Ichthyophonus-infected cohorts if infected individuals with decreased
swimming performance are more easily captured by predators. This predator selection hypothesis
is supported by field observations during an Ichthyophonus epizootic, when 60-80% of Atlantic
cod (Gadus morhua) stomachs contained heavily infected Atlantic herring (Kramer-Schadt et al.
2010).

A basic understanding of the natural transmission routes for I/chthyophonus will provide capacity
to forecast the potential for future epizootics. For example, if it is determined that increased
infection prevalence and intensity is associated with ovivory and punctuated exposures to
infected eggs, then availability and spatial / temporal overlap of herring with these infected eggs
would serve as an early warning sign for an oncoming epizootic.

OTHER PATHOGENS

As with all wild animals, Pacific herring are often infected with numerous other macro- and
micro-parasites (Marty et al. 1998); most, such as Vibrio spp. (Hershberger et al. Accepted),
anasakid nematodes, and liver and intestinal coccidians, are not particularly pathogenic under
typical conditions. One exception is erythrocytic necrosis virus (ENV), which causes a viral
erythrocytic necrosis (VEN). Herring are particularly susceptible to VEN, which can cause
severe anemia and host death (Winton and Hershberger 2014). VEN epizootics recur in
nearshore aggregations of Pacific herring (Meyers et al. 1986), possibly as a result of transient
exposures to older Pacific herring age cohorts that are carriers of the virus (Hershberger et al.
2009). Several diagnostic techniques were developed to enhance our ability to detect and confirm
the presence of ENV (Emmenegger et al. 2014, Purcell et al. 2016). The impacts of other
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common parasites remain unknown and require further investigations, including sea lice which
sometimes occur at very high infection prevalence and density (Hershberger unpublished).

SUMMARY

The HDP is well-integrated with the other projects involved in the Herring Research and
Monitoring program. At the project level, all the in vivo work for Dr. Whitehead’s oil toxicity
project is performed at the Marrowstone Marine Field Station. These efforts were expanded
during the current fiscal year by performing prolonged exposures of larval herring to polycyclic
aromatic hydrocarbons; transcriptional, genomic, and disease susceptibility endpoints will be
evaluated. As a result of these close connections, the HDP and Dr. Whitehead’s herring oil
toxicity project have become synergistic on each other. Additionally, the HDP is developing and
validating a VHSV antibody assay, the results of which will inform the Herring Research and
Monitoring program modelling project led by Dr. Branch. Specifically, these results will be
integrated into some form of an ASA-type model and used to hindcast the annual proportion of
disease mortality and forecast the potential for future disease epizootics. This forecasting ability
will be particularly useful for establishing annual harvest guidelines. As proof of concept, we
processed all the archived plasma samples from PWS and Sitka Sound using a prototype of the
assay, and some very exciting preliminary results were apparent. Since these analyses, we have
finished validating the assay and adjusting the methods to optimize sensitivity. We are currently
re-processing all the archived and contemporary samples using the revised methods, with
anticipate completion of all PWS plasma samples in July 2020, at which time they immediately
will be fully integrated into a novel version of the ASA model with Dr. Branch.

Demonstration of the causes of mortality, including disease, to marine fishes is extremely
difficult, owing to the inherent challenges with studying highly vagile populations that are
difficult to observe. In the case of disease, these challenges are amplified by the lack of suitable
experimental animals that are available for controlled studies. However, the HDP was able to
overcome these major impediments through an integrated approach with the other projects,
including fisheries modelling, stock assessment, genomics / transcriptomics, toxicity, and fish
movement. As such, these integrated efforts within and beyond the Herring Research and
Monitoring program have produced incredible advancements in our understanding of marine
diseases. From the perspective of fish disease, this integrated approach is revolutionary; as a
result, our knowledge of disease impacts to wild herring populations is decades beyond that of
any other marine organism.
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